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CHAPTER 1

1.

INTRODUCTION

"Research is to see what everybody else has seen,
and to think what nobody else has thought"
-Albert Szent-Gyorgyi

1.1. Motivation
The further development of the lithium-ion battery (LIB) for transportation applications
requires increased energy density paired with the capability for fast charging. This
development needs to keep pace with the increasing market share projection for electric
vehicles (Figure 1.1)1,2. New generation electrodes that can increase the cell energy density
and capacity have been studied and developed throughout the past years by changing active
materials and microstructural geometries3. These new materials present a range of
challenges covering areas of performance, reliability, and sustainability. Among these
challenges, battery degradation limits the performance and reliability of current LIBs.
Furthermore, degradation may hinder development of next generation batteries that will
support a more sustainable and equitable global energy infrastructure.
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Figure 1.1 - Increased electric vehicle penetration and average electric vehicle price
difference from 2020 through 2030, adapted from Lutsey, N. et al1.
Advancements in battery materials and microstructures have helped reduce, but not
eliminate, variations in key drivers of degradation such as electrolyte salt concentrations,
cell voltage, temperature, local current density, and heat generation. These conditions may
contribute to accelerated degradation in both cathode (positive battery electrode) and anode
(negative battery electrode) and lithium plating in the anode4.
More importantly, development of LIBs is not only an economical opportunity but also
a part of the US energy autonomy. As shown in Figure 1.2, the electric vehicle price
reduction will also reduce Li-ion battery prices. This price reduction will enable transition
to batteries for transportation and cleaner energy sources as the energy share of fossil fuels
is reduced and their reserves are further depleted.
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Figure 1.2- Lithium-ion battery price outlook 2030 projection. Adapted from Bloomberg
New Energy Finance and Visual Capitalist.5,6

1.1. Li-ion Batteries Fundamentals
LIB internal components and mechanisms can be summarized in four main components:
i.) cathode, related as the positive electrode, ii.) anode, related as the negative electrode,
iii.) electrolyte, which supports the transfer ions, and iv.) separator, which is a porous
plastic membrane (e.g. polyethylene) that hosts the electrolyte and avoids physical contact
between cathode and anode which would cause dangerous short circuits.
Figure 1.3 shows a schematic of a LIB connected to a cellphone while charging. The
Aluminum (Al) and Copper (Cu) sides represent the current collectors for both cathode and
anode respectively. These current collectors are the main element through which electrons
(e-) flow back and forward on the electrical circuit. Both electrodes have defined regions
with structural properties that allow them to store Li+ ions, these storage regions are called
active material and are responsible for how much energy can a battery store. Here, the
active materials are represented by common crystal structures that store Li at the atomic
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scale. In practical electrodes these active materials are nano to microscale particles
distributed in a porous matrix of polymer binder and conductive additive.
Following Figure 1.3 during the charge operation, Li+ ions detach from the cathode
structure (deintercalation) to store at the anode (intercalation). This chemical process
liberates an electron that travels through the external circuit. During the discharge process
this process is reversed.
Because the natural course of the materials reaction tends to move the Li ion from the
anode to the cathode, the current obtained from the free electrons from this reaction is the
one used through the discharge process. Conversely, energy is needed to revert the process
so the Li+ can be stored back in the anode side during the charging process.

Figure 1.3- Schematic representation of charge/discharge mechanism. Figure represents
the charge moment when Li-ions will intercalate into the anode electrode.
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The amount of energy that can be stored and used depends mainly (but not exclusively)
on the interactions of the Li ions with the electrodes. Depending on the selected materials,
different reactions occur when cycling (discharging and charging) the battery. Therefore,
selecting the right battery materials, and understanding the type of reactions and
degradation mechanisms associated with them, is of utmost importance to better design
more capable batteries.

1.2. High-Capacity Electrodes for Li-ion batteries
Higher capacity cathode materials are being pursued to improve overall cell capacity.
The most common active materials used commercially for the anodes is graphitic carbon,
while commercial cathodes use lithium-transition metal oxides.
The standard graphite anode offers a specific capacity of 372 mAh/g, while most
commercial cathode materials are limited to <200 mAh/g7. For anodes different materials
have been studied to increase the battery specific capacity. One of the options has been the
implementation of other metals such as silicon (Si)8 or tin (Sn)9,10, and in other cases alloy
metals such as SnSe11 or Cu6Sn5 12,13.
For the cathodes, a solution for this drawback has been the implementation of layered
transition metal oxides of the form LiMO2 (M: Ni, Co, or Mn), which offers a route to
increased overall LIB capacity3,14. Furthermore, forms of the oxide Li(NixMnyCo1-x-y)O2,
or NMC, offer theoretical capacities of up to 250 mAh/g. For these materials, there is a
drive to reduce or eliminate cobalt usage due to environmental and humanitarian issues in
the cobalt supply chain (Figure 1.4)15–17.
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Figure 1.4- Worldwide Cobalt Supply Chain. a) Schematic of the global Supply Chain
for Cobalt18.
Increasing Mn and Ni content are the common solutions for NMC cathodes. While Mn
is cheaper and offers a good structural stability, it hinders the specific capacity of the
cathode and is prone to react and dissolve with LiPF6 based electrolytes; therefore, Ni is
the preferred middle ground alternative to obtain higher specific capacities19,20. However,
increasing Ni content results in faster electrochemical cell degradation21. This degradation
may be associated with several phenomena including phase transitions in the cathode
associated with oxygen release, impedance rise, transition metal dissolution, and fracture
of the active material microparticles3,22. This degradation can be mitigated by restricting
operating voltage, but this approach to mitigation brings the price of reduced capacity
(Figure 1.5)3.
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Figure 1.5- Specific capacity increases at higher cut-off voltage but greatly decreases life
cycle for Nickel Manganese Cobalt (NMC) electrodes. From Ruan et al3.

1.3. X-Ray Imaging for Lithium-ion Batteries
For several years it has been known that there is a direct relationship between the
electrode microstructure and the electrochemical performance of LIBs23–25. The influence
of geometric and particle size variations on the electrode microstructure compared to the
electrical properties and life cycle has been studied and modeled26–29. Moreover, using nondestructive imaging techniques to understand the different electrochemical mechanisms,
paired with the microstructural evolution of the electrodes at different mesoscales are still
a novel methodology26,30,31. Non-destructive imaging gives additional insight and
understanding than traditional electrochemical characterization techniques alone, such as
Cyclic

Voltammetry,

Galvanostatic

Cycling,

and

Electrochemical

Impedance

Spectroscopy27,32. Furthermore, these methods can be implemented into in situ and in
operando imaging studies to observe the microstructural response to electrochemical
stimuli in real time33,34.
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X-ray techniques have been an important tool to help understanding the role of the micro
and nano structures in LIB electrodes mechanical degradation evolution, while showing a
direct relationship of the overall battery performance with the structural evolution during
the lithiation and delithiation processes35–40. Elucidation and modeling of the evolution of
the electrode microstructure during charge and discharge cycling, makes non-destructive
X-ray techniques most important among a new generation of LIB characterization
techniques41,42.
Implementation of newly developed X-ray imaging techniques has been helpful in
visualizing the evolution of LIB electrode microstructure in order to understand the nature
of the within complex electrochemical processes as seen in Figure 1.6. Absorption contrast
imaging and X-ray absorption near edge structure (XANES) imaging provide insight into
changes within the structure and chemistry of battery electrodes43. Absorption contrast is
used to observe general changes in the microstructure during cycling. A more detailed
assessment using chemical mapping based on XANES spectra distinguishes different
materials within mixed samples on both extracted samples (ex situ)44 and during operation
(in operando)45.
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Figure 1.6- a) Sketch and b) photograph of the x-ray tomography setup. c) scanning
electron micrograph of SnO particles. d) In operando 3D visualization of x-ray
tomograms. e) Unprocessed cross-sectional tomogram showing SnO contrast. f)
demonstration of volume expansion and particle fracture during cycling. Figure adapted
from Ebner et al.41
The current research seeks to apply electrochemical and image-based characterization
to different types of LIBs electrode’s, ranging from state-of-the-market LCO/graphite,
through Cu6Sn5 experimental alloy anode, to highly reactive Ni-rich cathode electrodes.
These analysis will be coupled with X-ray microstructural and visual techniques such as
XRD, XANES analysis or X-ray tomography, to observe the electrodes’ evolution during
lithiation/delithiation processes46,47.
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1.4. Dissertation Overview and Structure
In this dissertation, a general approach is applied to comprehend key degradation
mechanisms in LIBs and the connection of these mechanisms to operating conditions of
the cell. A diverse set of characterization methods is used to understand these mechanisms
as they manifest in different electrode phases and materials. The experimental data
presented is obtained from past studies and collaborations on different type of high energy
density LIB electrodes.
The manuscript relates a Literature Review in Chapter 2 with the recent studies of the
degradation mechanisms in main state-of-the-art and state-of-the-market high capacity
battery electrodes. Additionally, current examples demonstrating the different
characterization techniques used for understanding degradation mechanisms are addressed.
Chapter 3 explains the electrode fabrication and battery assembly procedures, as well
as the contemporary cycling, electrochemical characterization techniques, and
microstructural characterization techniques applied in the degradation studies presented.
Furthermore, a step-by-step deglomeration is provide for the image analysis techniques
used, to some extent, in every electrode studied in this manuscript.
In Chapters 4-6 specific studies of battery and electrode degradation are presented.
Degradation mechanisms of a commercial state-of-the-market battery pack cycled under
inhomogeneous temperature distribution are analyzed in Chapter 4. In Chapter 5, a highcapacity alloy anode material is analyzed using X-ray imaging techniques. These studies
of anode materials demonstrate the importance of microstructural analysis at different
scales to understand failure mechanisms. Finally, studies of low cobalt cathode half-cell
batteries cycled under different temperature and upper cut-off voltage conditions are
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presented in Chapter 6. Aided with cycling, electrochemical, microstructural and X-ray
imaging characterization techniques these studies apply a suite of techniques centered on
imaging methods to elucidate the principal effects causing the performance decay for low
cobalt cathodes.
Taken together, these studies will show how imaging techniques and related analysis
can be applied to characterize the degradation of diverse types of battery electrodes. Paired
with standard cycling and electrochemical characterization these results show an accurate
multiscale and multimodal failure analysis in LIBs. It will be shown that for LCO/graphite
batteries the main degradation mechanism was reassessed after microstructural (XRD) and
visual (optical microscopy and SEM+EDS). These characterization methods reveal a
different failure phenomenon than the one hypothesized through analysis of cycling data
alone. Using more detailed microstructural analysis based on X-ray imaging, it will be
shown how Cu6Sn5 alloy anode capacity fade is related to disintegration and breakage of
active material particle, paired with the expansion of supporting phases shown in X-ray
microtomography and XANES analysis. Finally, for Ni-rich cathode half-cells analyzed
under different cycling and ambient conditions, the combination of cycling,
electrochemical, microstructural and x-ray characterization techniques showed the main
factors that accelerates the degradation mechanisms for these electrode materials. As with
the alloy anode studies, known mechanisms for degradation related to changes in the active
material are observed alongside new degradation patterns observed in the secondary phases
of the electrodes.
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CHAPTER 2

2. LITERATURE REVIEW

"Wisdom comes to us
when it can no longer do any good"
-Gabriel García Márquez, Love in the Time of Cholera

2.1. General Overview
Understanding the interactions between microstructure, crystalline structure
degradation, and the operational conditions that affect LIB electrode performance is one
key objective in current battery research. Several literature references can be found relating
intercalation electrode degradation by altering operation variables such as voltage48,
temperature49–51, applied pressure52,53, and charging/discharging speed (C-rate)54–56.
Several characterization techniques have been used in order to better understand the LIB
evolution when operating at high temperatures. From qualitative assessments with
techniques such as transmission electron microscopy (TEM)57–59, differential scanning
calorimetry (DSC), SEM, and x-ray imaging57,60, to quantitative assessments with
techniques like XRD, cyclic voltammetry (CV)61 and thermo-gravimetric analysis47,62,63.
Table 2.1 adapted from Waldmann et al. summarizes the different techniques and type of
characterizations used to access different degradation mechanisms in LIBs64.
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Table 2.1- Overview of analysis methods and phenomena they are able to detect. Yes (Y),
limited (L), and no capability (N) for detection of a specific aging mechanism are
indicated. Adapted from Waldmann et al64.

Detect
Li

Electrode/Separator Degradation
Electrode
or
Separator
Film
Delamination
Growth
Pore
/
on
Clogging
Cracks
Electrodes
in
Electrode
Coating

Depth
Profiling

Region
Analyzed

N

N

Surface

Y

L

Y

N
N
N
Y
Y

N
N
N
L
N

Y
N
Y
Y

Y
N
Y
N
N

Y
N
N
N
N

GD-OES

Y

N

Y

N

N

FTIR

N

N

Y

N

N

SIMS

Y

L

Y

N

N

NMR
XRD
GC-MS

Y
N
N

N
N
N

Surface
Surface
Surface
Surface
Bulk
Surface
/ Bulk
Surface
/ Bulk
Surface
/ Bulk
Bulk
Bulk
Electrolyte

L
L
N

N
N
N

N
N
N

YES
Y

NO
N

LIMITED
L

Method

Optical
Microscope
SEM
TEM
EDS
XPS
ICP-OES
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Table 2.2 (Continued).- Overview of analysis methods and phenomena they are able to
detect. Yes (Y), limited (L), and no capability (N) for detection of a specific aging
mechanism are indicated. Adapted from Waldmann et al64.

Method

Changes or
Films
on Particle
Surfaces

Optical
Microscope
SEM
TEM
EDS
XPS
ICP-OES
GD-OES
FTIR
SIMS
NMR
XRD
GC-MS
YES
Y

NO
N

Material Degradation
Dissolution or
Migration
Particle
Electrolyte
Exfoliation
of
Cracks
Degraded
Transition
Metals

N

N

N

N

N

Y
Y
Y
Y
N
Y
Y
Y
N
L
N

Y
Y
N
N
N
N
N
N
N
N
N

Y
Y
N
N
N
N
N
N
L
L
N

N
N
Y
Y
Y
Y
N
Y
Y
N
N

N
N
N
N
N
N
L
N
Y
N
Y

LIMITED
L

This manuscript tries to determine through different studies how the changes related to
microstructure degradation and chemical composition at different ambient (temperatures
above 60⁰C) and cycling (higher cut-off voltage ) conditions act across multiple scales to
decrease the overall capacity in LIBs. The impact of temperature and cut-off voltage
operation windows on LIB and its electrodes needs to be addressed relative to different
studies found in the current literature. Moreover, relevant advances on imaging techniques
used for LIBs in the literature is presented. This clarification will confirm the importance
of nondestructive visual analysis as a tool to understand degradation mechanisms in LIBs
electrodes.
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2.2. Battery Degradation
Porous composite electrodes are the main materials used for both state-of-the-art and
state-of-the-market LIB. This wide consensus on their usage is due to their porous nature,
which guarantees the interaction and movement of Li-ions between both cathode and anode
electrodes through the electrolyte. The porous structure also distributes electrochemical
activity and storage capability throughout the electrode domain. However, battery collapse
due to electrode’s degradation can be the result of the irreversible failure of either cathode,
anode, or both. This failure is often rooted in the electrode microstructure.

2.2.1.

Anode Degradation

For commercial LIBs graphite is the main choice as the anode active material (AM).
Graphite has a gravimetric capacity of 375 mAh/g and volumetric capacity of 850mAh/m3
65,66

, which limits its ability to achieve higher capacity requirements of next-generation

energy storage devices. Application of higher capacity electrode materials that enable
higher charge/discharge rates than graphite is a continuing need. Therefore new types of
alloy anodes have been proposed that increase gravimetric capacity by almost five times
those of graphite8, but this high capacity gives rise to new and often dramatic degradation
mechanisms. Both intercalation and alloy anodes are discussed below.

2.2.1.i.

Intercalation Anode (Graphite)

One of the first patent of an intercalation material such as graphite in an organic
solvent was presented in 1981, Japan by H. Ikeda from Sanyo (Japanese
Patent#1769661)67. The following year, Bell Laboratories filed a patent (U.S.
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Patent#4423125)68 based on their Li intercalation in graphite at room temperature. Almost
10 years afterwards, Sony Energytec Inc. began to produce the first commercial
rechargeable Li-Ion Batteries, using a pilot plant69. Since their early commercialization at
Sony, graphite has been the main anode element used in LIB batteries due to its
accessibility, performance, and cost. With a straightforward intercalation reaction it is a
versatile

material

for

electrode

design,

with

a

straightforward

governing

reduction/oxidation (redox) reaction shown in Equation 2.1 56, which is the ideal reaction
for the intercalation of Li ions with graphite.

General Redox Reaction of Li intercalation in Graphite Anode
𝐶 + 𝑥𝐿𝑖 + + 𝑥𝑒 − ⇌ 𝐿𝑖𝑥 𝐶

(2.1)

Nevertheless, the main degradation factors usually encountered in the last 30 years,
which are known to contribute to the loss of the graphite anode performance, are SEI
instability and lithium metal plating as shown schematically in Figure 2.1.
Lithium plating is presented when the rate of reduction of Li+ ions on the graphite
surface is faster than the diffusion flux rate carrying reduced Li atoms from the surface to
the bulk of the graphite particles. Li deposition is common at high C-rates (above 1C) that
increases the electrode’s undesirable mechanical side-effects that occur at the interface
between electrolyte and electrodes70, which influence the reaction mechanisms facilitating
Li metal deposition71. Additionally, when cycling under lower temperatures (<10°C)49,72,73
Li+ ions diffusion inside the graphite’s crystalline structure hinders, which accelerates Li
metal deposition on the anode surface, potentially forming dendrite and therefore
increasing probabilities of an internal short circuit or explosion. Likewise, when deposited
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Li forms its own SEI layer, it consumes electrolyte while lowering the interface porosity,
which creates diffusion passage inhomogeneities through the graphite electrode. The
governing reduction/oxidation (redox) equations of the graphite anode SEI formation is
shown in Equation 2.2, and lithium plating in Equation 2.3
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. All the beforementioned

cases occur mainly in the anode electrode and can either decrease the battery’s power
(slower Li+ ions diffusion) or lower storage capacity (consumption of active Li+ ions).

Redox Reaction of SEI formation with Ethylene Carbonate in Graphite Anode
2𝐶2 𝐻4 𝐶𝑂3 + 2𝐿𝑖 + + 2𝑒 − ⇌ (𝐶𝐻2 𝑂𝐶𝑂2 𝐿𝑖)2 + 𝐶2 𝐻4

(2.2)

Redox Reaction of Li plating formation in Graphite Anode
𝑥𝐿𝑖 + + 𝑥𝑒 − ⇌ 𝐿𝑖 (𝑠𝑜𝑙𝑖𝑑)
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(2.3)

Figure 2.1- Schematic illustrations in graphite anodes cycling behavior.
(a) Electrochemical reactions during charging (Li intercalation). However, Li can react
with the electrolyte to form new SEI regions or be deposited as plated Li. (b) Prolonged
cycling aging behavior, transition from linear to nonlinear. Adapted from Yang et al74.
Li plating is relatively easy to detect through visual inspection on battery
postmortem analysis as shown in Figure 2.2. Waldmann et al.54 and Mao et al.75 shows that
higher C-rates can exacerbate the presence of either local Li deposition and/or marginal Li
deposition on the graphite electrodes (Figure 2.2a).
Even though higher cut-off voltages (>4.0V in most commercial cathodes) affects
mainly the cathode with additional microstructure strain generation, Juarez-Robles et al.76
shows for a LCO/Graphite battery the electrolyte decomposes at the cathode and the anode
simultaneously, with presence of lithium plating in the graphite when it reaches its
intercalation limit (Figure 2.2b), showing that it is possible to have multiple degradation
mechanisms occurring simultaneously.
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Figure 2.2-Different Li plating cases found from postmortem visual inspection on
graphite anodes. (a) NMC811/Graphite full cell anode image after charging rate up to 6C,
adapted from Mao et al.77 (b) LCO/Graphite full cell anode image after extreme
overcharge condition (4.8V) where degradation starts from the electrode edge to the
center, adapted from Juarez-Robles et al.76
Understanding these degradation mechanisms is a key motivation for
characterization of LIBs with graphite anodes. Such efforts seek to clarify the main effects
or combination of degradation effects that can emerge when cycling under different
protocols (voltage or C-rate conditions) and ambient conditions.

2.2.1.ii.

Metallic Alloy Anode (Cu6Sn5)

It is normally expected that after 30 years of graphite implementation as the anode
for commercial LIBs different types of anode active materials have been studied14. Some
of the most studied high capacity anode materials are silicon (Si, gravimetric capacity 4200
mAh/g)8 and tin (Sn, gravimetric capacity 991 mAh/g)78. These active materials present a
challenge with respect to short cycle life and high irreversible capacity loss caused by large
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volume expansion and degradation during lithiation-delithiation processes. Therefore,
these types of materials have been alloyed with other metals to obtain higher capacities
coupled with control of volumetric expansion.
Alloy anodes are being developed as a strategy for addressing these cycle life and
capacity loss challenges, and several possible components and combinations may yield a
high capacity solution. Alloy anodes can be formed in two general configurations:
active/active and active/inactive. Both of these combinations generally result in enhanced
electrochemical behavior compared to the precursor elements while mitigating the effects
of volume expansion to improve cycle life9. Both types often involve the formation of
intermediate lithiated phases and multistep reaction processes. These phases and processes
can be observed effectively by using methods based on X-ray absorption spectroscopy11,44.
There is extensive literature on active/active alloys for Li-ion anodes, from which
Si and Sn are promising base materials. Si/active alloys can achieve higher energy density,
specific capacity, reversibility, and capacity retention79. Some of the main combinations
found in the literature incorporate Ag, Al, Fe, and Sn as the second active material8,80,81.
Si/Sn alloys, specifically Si0.66Sn0.34 thin films, have obtained reversible specific capacities
of 1800 mAh/g8. Si/C composites where the carbon acts as a supporting matrix controlling
the Si expansion during lithiation also present promising performance, obtaining specific
capacities around 1250 mAh/g81. Nevertheless, despite these meaningful advances, the
technical abilities and profitability have been the main drawback reasons on the
development of these alloys82,83.
Using Sn/active alloys has also increased electrochemical cycling performance
compared to pure Sn. This increase results from the added active material preserving the
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alloy microstructure and alloys founded in literature combine Sn with Ag, Al, Ge, and Se66.
Lee and Park used X-ray absorption spectroscopy to combine with electrochemical studies
to show that SnSe and SnSe2 exhibit high reversible gravimetric capacities of 847 and 800
mAh/g respectively, due to the formation of Li4.25Sn and Li2Se at room temperature11.
The use of active/inactive alloys is another means to improve energy density at a
given volume expansion by maintaining grain structure and restraining volume expansion
of the active material82. The main alloy additions found in the literature which present the
best results and availability are B, TiN, TiB2, and Li2O2/Al2O3 for Si and Co, Cr, Cu, Fe,
Mn, and Ni for Sn84. Sn ternary alloys have also been identified as high capacity anode
materials85. Lou et al. have reported a Cu9Sn2Se9 nanoparticle anode with a reversible
gravimetric capacity of 979.8 mAh/g after 100 cycles, which almost doubles previously
reported values for CuSnS and pristine Cu2SnS3 86. Most recent approach was made by
Umirov et al. on synthesizing an amorphous Si–Al–Fe alloy showed initial discharge
capacity of 900 mAh/g and capacity retention of ∼98% after 100 cycles. The main
drawback for these advanced alloys could be the difficulty in scaling up the complex
fabrication process for a ternary alloy82.
The intermetallic Cu6Sn5 has drawn substantial interest among the Sn-based
intermetallic compounds13,87. Investigations of Cu6Sn5 include first principle calculations
and phase transition analysis on the electrode and an array of fabrication
methodologies10,12,88–90. The application of complex 3D microstructures10,89 and distinct
particle geometries43,90 in these alloy electrodes are common.
Cu6Sn5 combines the high capacity of Sn controlled by a Cu supportive matrix that
restrains extreme volumetric expansion78. The creation of a copper-tin composite anode
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has several advantages. First, the copper current collector is distributed throughout the
anode improving current collection and creating smaller pockets of tin with a greater total
surface area. Second, the copper matrix increases the life cycle of the tin anode, albeit only
by a small amount9. The Cu matrix formed on lithiation reduces the volumetric expansion
of tin anode from 260% to 180%13. However, the inert Cu reduces the specific capacity
from 994 to 584 mAh/g87. Exposure of new surface area also leads to loss of available Li+
ions due to the formation of new SEI. After several cycles, the anode reaches a structural
equilibrium where the new material exposed by fracturing is roughly equivalent to the
material isolated. The combined effects of the additional SEI formation with the loss of
surface area to isolation eventually outweigh the effect of increased surface area due to
cracking and the specific capacity begins to decrease.
Electrochemical half-reactions are shown for the different side phases presented at
different voltage plateau levels in Figure 2.3.

22

Figure 2.3- Copper expulsion phenomenon aggravates when the electrode potential is
pushed below 0.2 V vs Li/Li+ no matter the electrode processing condition
(microstructural) or cycling rate (electrochemical). Adapted from Juarez-Robles et al43.

The first reduction peak shown in Equation 2.1 occurs near 0.2V versus Li+/Li.
This peak corresponds to a partial lithiation of Cu6Sn5 and the formation of Li2CuSn+Cu.

Formation Reaction from Cu6Sn5 to Li2CuSn+Cu.
10 Li + Cu6Sn5 → 5 Li2CuSn + Cu
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(2.4)

The second peak corresponds to the formation of Li4.4Sn+Cu, or the full lithiation
of Cu6Sn5. At full lithiation, the Cu is expelled from the alloy and full expansion of the Sn
has occurred. This second reduction peak at 0.0 V versus Li+/Li is shown in Formula 2.2.
Formation Reaction from Li2CuSn to Li4.4Sn+Cu
12 Li + 5 Li2CuSn → 5 Li4.4Sn + 5 Cu

(2.5)

As the issues stemming from this severe volume expansion occur on a
microstructural level, X-ray nanotomography (XNT) was used to initially observe pristine
Cu6Sn591,92. XNT provides the opportunity to non-destructively obtain the threedimensional (3D) structure of heterogeneous materials and provide a series of highresolution images for analysis and modeling. Further analysis results of Cu6Sn5 are
presented in Chapter 5.

2.2.1.iii.

Elevated Temperature Effects

Cycling at elevated temperatures in graphite can be beneficial or detrimental
depending on the temperature range. Operation in a moderate to elevated temperature range
(from 20⁰C to 40⁰C)93 helps the intercalation kinetics by improving Li+ ions diffusion in
and out from anode’s crystalline structure. However, cycling under same circumstances for
Cu6Sn5 anodes accelerates the main particle breakage and dissolution of secondary ones94.
Typical anode SEI degradation pathways are partial dissolution at high temperature
or crack formation due to mechanical stresses inherent to electrode operation. These result
in exposure of fresh naked graphite surfaces to the electrolyte on which an additional SEI
grows, consuming electrolyte and Li inventory while increasing electrode resistivity. The
thermal breakdown of the SEI commonly starts around 110°C, well below exothermic
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positive electrode degradation reactions that take place above 200°C, and can ultimately
yield to thermal runaway50,95.
Moreover, cycling under elevated temperatures between 60⁰C and 80⁰C can give
rise to different types of degradation mechanisms as shown in Figure 2.4. Cycling at these
higher temperatures can generate inhomogeneous SEI growth (Figure 2.4b), push binder
decomposition35,96,97, and promote the presence of lithium plating usually observed on the
borders of the anode electrode known as the seclusion effect54,98.

Figure 2.4- SEM images of graphite anodes. (a) Uncycled anode particles. (b) Cycled
anode at 70⁰C showing SEI thickness increase. Adapted from Waldmann et al.99

2.2.2.

Cathode Degradation

In March of 1980, the Nobel prize winner John Goodenough filed his LiCoO2 patent
for an intercalation cathode material (U.S. Patent 4302518)100 . Since then, a wide variety
of different cathode materials have been studied and implemented to obtain the best energy
density and capacity of LIBs. Main applications and efforts have been applied to study
transition metal intercalation cathodes in commercial LIBs, such as LiFePO4 (LFP),
LiCoO2 (LCO), LiMn2O4 (LMO), LiNiCoAlO2 (NCA), Li2TiO3 (LTO), and LiNixMnyCo1x-yO2

(NMC). The last of these, NMC, is emerging as a key cathode material due to its
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robustness while cycling and higher specific capacities, a comparative specific energy
comparison graph is shown in Figure 2.5 of the different battery materials capacities.

Figure 2.5- Ragone plot of several of the battery technologies used in EVs. Adapted from
Maio et al101.
Capacity decrease for transition metal cathodes is usually related to the increase of
internal resistance. This can be related to different causes such as reactivity with the
electrolyte, modification of surface and particle properties, or decreased ionic conductivity.
Overcharging this type of positive electrodecan lead to gas release from electrolyte
oxidation as well as oxygen loss from the crystal structure of layered lithium layered
transition metal oxides (LiMO2). This causes mechanical degradation of the active material
by increasing the cell internal pressure. In addition, the released oxygen may react with the
electrolyte under certain conditions which could represent a safety concern related to
internal short circuit and/or explosions.
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Mechanical degradation from cracking of main particles is widely common in
intercalation electrodes related to the insertion/deinsertion of Li+ ions. First-principle
calculations results done by Lim et al. found that they were a result of anisotropic and
average contractions102, while Schipper et al. also found these cracks to partially originate
from the gas evolution of NMC particles103. Additionally, researchers reported that main
cracks are more predominant on bigger particles (>10µm) with enlarged surface areas,
which may cause poor connection between particles and micropores, this effect promotes
additional cracking of the secondary spherical particles103.
More significantly reduced performances have been linked to the cracking of the
spherical secondary particles along the grain boundaries during prolonged cycling104. The
expansion and contraction of the c-axis during prolonged cycling above cut-off voltages of
4.2V, can lead to microstrains on particles generating microcracks in the core connection
between the primary particles that increases the probability of parasitic reactions,
contributing to further degradation at microscale105.
Mechanical and structural degradation were observed by Xu et al. in NMC532 half
cells cycled for a voltage window from 3V-4.3V at C/20 and C/5 rates. They employed
instrumented nanoindentation to study mechanical properties such as elastic modulus,
hardness, and interfacial fracture strength of the cathode as a function of the state of charge
and cycle number. Relating cycling and SEM characterization analysis, they found that
both the elastic modulus and hardness of NMC largely decrease when Li is extracted from
the layered crystalline lattice, and the mechanical strength significantly decreases with
further cycling evolution due to the accumulation of microscopic defects at the interface of
the primary particles106.
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Furthermore, temperature is another major factor that influences cathode
degradation51,99,107–109. Temperature cycling above 60⁰C accelerates capacity and power
degradation through different mechanisms. When cycled at higher temperatures, most
reactive cathode materials (using Fe3+, Mn2+, and Ni4+ metal ions for intercalation
reactions) may also suffer from partial dissolution when reacting with hydrofluoric acid
(HF), which is a remnant from trace water impurities from cell assembly reacting with the
electrolyte LiPF6. This side reaction results in damage to the SEI and electrolyte
decomposition107,110.
Electrolyte decomposition can increase the SEI layer in the cathode side which can
lead to loss of lithium inventory14,71. Xu reviews how electrolyte decomposition can be
affected by higher C-rates and temperatures111. While Waldmann et al. also show that
inhomogeneous SEI layer growth is promoted by higher temperatures112. As stated in
Chapter 1, special focus will be considered for Ni-rich cathode degradation mechanisms in
this section.
The governing reduction/oxidation (redox) cycling of the NMC cathode is shown in
Equations 2.6 – 2.10, show parallel reactions that can occur for cathode redox processes
adapted from Jung et al4. Equations 2.7 and 2.8 shows the corresponding general metal
oxide and LiNi0.8Mn0.1Co0.1O2 (NMC811) layered to disordered spinel transitions.
Equations 2.9 and 2.10 shows correspondingly the general metal oxide and NMC811
layered to rock-salt transformation. For all the equations M= (Ni, Mn, Co).

General Redox Reactions from Metal Oxides
Positive Electrode

𝐿𝑖𝑥 𝑀𝑂2 ⇌ 𝐿𝑖1−𝑥 𝑀𝑂2 + 𝑥𝐿𝑖 + + 𝑥𝑒 −
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(2.6)

Spinel Transformation
𝑥+1

1−2𝑥

General Metal Oxide

𝐿𝑖𝑥 𝑀𝑂2 →

NMC811

𝐿𝑖0.13 𝑀𝑂2 → 300 𝐿𝑖39⁄113 𝑀300 𝑂4 + 150 𝑂2

3

𝐿𝑖3−

3
𝑥+1

𝑀

3
𝑥+1

𝑂4 +

3

113

𝑂2
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(2.7)
(2.8)
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Rock-Salt Transformation
1−𝑥

General Metal Oxide

𝐿𝑖𝑥 𝑀𝑂2 → (𝑥 + 1)𝐿𝑖1−

NMC811

𝐿𝑖0.13 𝑀𝑂2 → 300 𝐿𝑖13⁄113 𝑀100 𝑂 + 200 𝑂2

1
𝑥+1

𝑀

1
𝑥+1

113

𝑂+

2

87

𝑂2

(2.9)
(2.10)

113

Further explanation on higher cut-off voltage and high temperature degradation on
Ni-rich cathodes will be addressed in section 2.2.2.i. and 2.2.2.ii. respectively. An
adaptation of Li et al.’s summary table of the main degradation mechanisms of Ni-rich
NMC/graphite batteries is shown in Table 2.2 113.
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Table 2.3- List of identified degradation mechanisms of Ni-rich NMC/graphite LIBs23.
No.

Condition

Electrode

High voltage,
High temperature

Degradation Mechanism
Sudden capacity loss caused by surface film
formation and thickening under harsh conditions

1
2

N/A

Li dendrite plating (may trigger short circuiting
if growth becomes too large)

3

N/A

4
5

N/A
N/A

6

High SOC

7

N/A

8

Long cycling

9

High SOC

10

Storage in air

Continuous thickening of surface films during
cell operation
Li diffusion into the NMC layer
Sluggish Li diffusion back into the cathode
Ni2+ migrating to vacant Li+ sites (cation
mixing), reducing the number of Li sites and
blocking Li diffusion pathways
Structural changes from rhombohedral (layered)
to spinel and later to rock- salt (NiO, nickel
carbonate and minor quantities of hydroxides)
as a result of massive cation mixing
Mn3+ forms a spinel structure from a layered
(rhombohedral) structure because of low
octahedral site stability energy (based on studies
of Mn- rich NMC cathodes)
Ni4+ oxidizing electrolytes and thickening CEI
(self-discharge)
Surface impurities formed on particle surfaces
due to long-term storage in air

Anode/
Cathode
Anode/
Cathode
Cathode
Cathode

11

N/A

NMC dissolution in HF (fewer active sites and
higher charge transfer resistances)

12

Extreme high
temperature

13

N/A

14

High voltage

15

High voltage
(above 4.6V)

16

Low voltage

17

N/A

Thermally unstable NMC reacting with LiPF6
and causing thermal runaways (fire and explosion)
Release of reactive oxygen due to surface
reconstruction causing chemical oxidation of
electrolytes to produce CO and CO2
CO2 produced from the electrochemical
oxidation of electrolytes
Oxygen reducing metal ions due to the
hybridization of electrons and orbitals
(self-redox reaction)
Disproportion of Mn3+ (based on studies of
Mn-rich NMC cathodes)
Carbonate layers reacting with electrolyte
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Anode/
Cathode

Cathode

Cathode

Cathode

Cathode
Cathode
Cathode
Cathode

Cathode
Cathode
Cathode
Cathode
Cathode

Table 2.2 (Continued)- List of identified degradation mechanisms of Ni-rich
NMC/graphite LIBs23.
No.
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Condition
Long cycling,
high depth of
discharge
N/A

20

N/A

21

High voltage

22

N/A

Degradation Mechanism
Secondary particles cracking along grain boundaries and enlarging surface areas for more side
reactions to occur
Initial SEI formation consuming active Li
Loss of active Li metal to SEI as immobilized
during cell operation
SEI layer decomposition facilitated by the
precipitation of transition metals into the SEI
(huge capacity loss)
Volume expansion and contraction of graphite
during operation cracking the graphitic layer

23

N/A

Metal ions from the cathode inserting into the
anode and blocking active sites

24

N/A

25

N/A

26

N/A

18

Mn2+ reacting at the surface of the anode to
generate Li2CO3, which can crack graphite surfaces
Solvents getting into the holes of graphite
Solvated Li+ cracking graphite during Li
intercalation

Electrode
Cathode
Anode
Anode
Anode
Anode
Anode
Anode
Anode
Anode

2.2.2.i. Cut-Off Voltage Effects
Extended characterization has been done to assess higher cut-off voltage effects on
LIB, at low, ambient, and higher temperatures for batteries with NMC cathodes. Literature
shows a higher degradation in the microstructure and chemical composition accompanied
by a significant drop in the LIB electrochemical capacity48,114,115. More importantly,
extreme upper cut-off voltages for Ni-rich cathodes were studied by Jung et al. A
LiNi0.5Co0.2Mn0.3O2 (NMC532) electrode was analyzed under two different cut-off
voltages (4.5V and 4.8V), where it was found that surface lattice structures of NMC532
suffer an anisotropic irreversible crystallographic change depending on the cut-off voltage
conditions as shown in Figure 2.6 schematic. The surface of the pristine rhombohedral
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phase tends to transform into a mixture of spinel and rock-salt (NiO) phases. This rock-salt
phase is directly proportional to higher voltage operation limits, which is attributable to the
high oxidative environment triggered by oxygen loss from the cathode surface. This phase
transformation creates a layer of higher resistance to Li transport, which in turn hinders the
cycling kinetics and reduces capacity retention.

Figure 2.6- Degradation mechanisms of LiNi0.5Co0.2Mn0.3O2 (NMC532) after cycle
under two upper cutoff voltage conditions (4.5 V and 4.8 V). Adapted from Jung et al.116

Further understanding of Ni-rich cathodes (Nix ; x≥0.8) layered crystal structure
evolution through cycling at different voltage plateaus is essential to elucidate the internal
degradation mechanisms that connects capacity fade and microstructural degradation.
Zheng et al. performed in operando XRD and ex situ NMR on commercial NMC811
batteries, presenting the different transition phases that occur for this cathode layered
hexagonal crystalline structure shown in Figure 2.7. Pristine NMC 811 contains an initial
hexagonal phase denoted as H1, as charging and deintercalation proceeds around the 3.6V3.8V range a phase transformation to a monoclinic structure (H1→M) occurs. When
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charged towards voltages ~3.95V a second phase transition occurs from M to a second
hexagonal phase (M→H2) that possess less Li for intercalation, this transition is possible
by the Li dumpbell hop mechanic117. A final phase transition is found near the 4.15V where
Li tries to rearrange into the available vacancies through the tetrahedral site hopping
mechanism promoting a H2→H3 structure, researchers have reported that the latter
conversion occurs with impedance growth (sever volume contraction)118,119.

Figure 2.7- Schematic of the H1-H2-H3 phase transformation through Li deintercaltion
in different views along (a) c axis and b) a axis. Adapted from Zheng et al.118
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Moreover, Schipper et al. studies the lattice structure evolution of NMC811
cathodes at 4.4V cut-off voltages while using dQ/dV (dQ/dE) to explain how mechanical
stresses might create cracking in the microstructure secondary particles. During cathode
deintercalation, lattice c parameter increases with the removal of Li+ ions from the layered
structure due to the oxygen layers repulsion forces that tend to push afar from each other,
this effect is usually recovered during lithiation. Nevertheless, if charged above ~4.15V vs
Li+/Li a rapid c contraction decay occurs as shown in Figure 2.8, where the crystal structure
changes due to Li+ ions reorder from H2→H3 structures. In this new phase Li diffuses into
Ni4+-rich tetrahedral sites of the cation-disordered rock-salt structure with less O repulsion
creating the sharp contraction of the c axis103. At the same time NiO2 microregions are
created in the intralayer of the NMC811 lattice further reducing the repulsion between the
O layers, these phenomena lead to the irreversible transformation due to anisotropic lattice
expansion/contraction of the crystal structure that leads to capacity fade and is referred as
the “deleterious effect” throughout literature120,121.
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Figure 2.8- NMC811 peak and crystal structure lattice parameters. The c-axis (a), a-axis
(c) and the voltage (e) vs specific capacity. The c-axis (b) and a-axis (d) vs voltage, and
dQ/dV as vs voltage (f). Adapted from Li et al.121

NMC material dissolution is also accelerated at higher voltages due to the release
of acidic components122 triggering by products from the electrolyte decomposition61,123,
such as HF from the reaction of PF5 with H2O (Equations 2.11, 2.12). The dissolution of
NMC materials through this emchanisms, can also cause a parallel effect producing
resistive MFx layers on the surface of the NMC particles, further decreasing Li+ insertion
sites124.

LiF and PF5 reaction from LiPF6
(2.11)

LiPF6 → LiF + PF5
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LiF and LixPFy reaction from LiPF6
LiPF6 + 2e− → LiF + Li𝑥 𝑃F𝑦

(2.12)

The drop in discharge capacity performance from combined high temperature and
higher cut-off voltages is shown in Figure 2.9 from Liu et al. Their results acknowledge
two main degradation effects, first phase transformations and surface structural
deterioration increased charge transfer resistance upon repeated cycling. Second,
electrolyte decomposition and the interactions between cathode and electrolyte promotes
accumulation of LiFx and NiF2 species on the electrode surface, increasing surface film
resistance and pore clogging, reducing Li+ diffusion125–127.
Additional studies show that regulating the structure of the cathode/electrolyte
interface with doping and surface modification increases the overall electrochemical
batteries performance128–131. The comparison between the different higher cut-off and
standardized voltage windows cathode characterization results, will show which factor has
the greatest impact on the microstructural and capacity cathode degradation in the Ni-rich
NMC cathodes.

36

Figure 2.9- Capacity degradation at higher temperatures (55⁰C) after constant C-rate at
different cut-off voltages. Adapted from Liu et al.60

2.2.2.ii.

Elevated Temperature Effects

For Ni-rich NMC cathode materials Li et al. makes a general summary of the main
degradation mechanisms founded through literature that are condensed in Figure 2.10.
Generally, the degradation of Ni-rich NMC cathode batteries derives from the
intercalation/deintercalation of Li+ ions, where expansion and contraction of the primary
particles gradually generates stresses within their structures, leading to the cracking of
secondary particles. Moreover, Ni-rich cathode materials experience severe voltage
reduction and deleterious structural transformation once cycled under high temperatures
(>60⁰C). It has been established that some Ni metal ions (usually Ni2+, average size 0.069
nm) in Ni-rich cathode material migrate from the transition metal layers in Li sites (average
size 0.076 nm) at the charged state, forming an irreversible and electrochemically inactive
rock-salt phase (NiOx) at the outer surface of the material46,61,99,107, which can destroy the
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structure of the material and blocks the migration of Li-ions during charge/discharge.
Formation of this phase leads to capacity degradation and an increase in battery
impedance57,132.

Figure 2.10- Summary of degradation mechanisms for Ni-rich NMC cathodes. Adapted
from Li et al113.
Situ et al. uses Li(Ni0.5Mn0.3Co0.2)O2 (NMC532) as part of a combination study of
nanoparticle NMC532/graphite batteries, where the assessment was only focused on the
cathode analysis. In this study a fresh battery was compared against two batteries cycled at
room temperature and at 50⁰C through 50 cycles at extreme C-rates (10C). Figure 2.11
presents the SEM image characterization results from these experiments.
An increase of main particles conglomeration with the support phases correlates
with cycle temperature increase. These results show that supporting phases also affect the
performance of the electrode with increased temperatures during the cycling conditions133.
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Figure 2.11- SEM images of NCM523 cathode materials after 50 cycles at 10C rates. (a)
Fresh battery. (b) Battery cycled at 30⁰C. (c) Battery cycled at 50⁰C. All images are at
15.0KV, 5.00 K SE and 10.0µm. Adapted from Situ et al.133
Different studies have shown that batteries cycled above 60°C will accelerate side
reactions forming the undesired rock-salt phase at interfaces between the cathode and
electrolyte30,134–136. This high temperature influences the transfer of material from cathode
to the anode through transition metal dissolution, being this the main degradation
mechanism. This phenomenon is more acute when traces of Li salts, LiOH and LiFx are
present in the cathode electrolyte interface (CEI)137. However, modeling results of
Vishnugopi et al. (Figure 2.12) indicate that high C-rates, under certain conditions, can be
beneficial generating a self-heating mechanism in the batteries, having beneficial
implications usually up to 3C by controlling the cut-off voltage and improving some of the
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electrolyte/electrode Li availability and diffusive properties30. Nevertheless, the negative
impact of this higher C-rates on the graphite anodes makes this balance a subject of
continuing study.

Figure 2.12- (a) Full cell capacity and thermal effects for different C-rates. (b) Full cell
capacity and thermal effects for different porosity variations. Voltage curves are curved
towards the top, and temperature towards the middle. Adapted from Vishnugopi et al30.
In later chapters, results will be compared for cycling cathodes to different upper
cut-off voltages, while subjected to ambient and elevated temperatures. All cells will be
subjected to a consistent cycling protocol, avoiding fast charging rates to counter the anode
degradation influence on the battery performance. The effects of cut-off voltage and
temperature will be correlated with the overall microstructural evolution and capacity
degradation of the cathode.
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2.2.3.

Thermodynamics of Degradation

Throughout the years different thermodynamic models have been developed to
associate Maxwell’s thermodynamics relations of entropy, enthalpy, and exergy from
external applied energy on the system (current, voltage and temperature)30,138, with the
overall electrochemical degradation and evolution within LIBs47. Equation 2.13 gives the
fundamental thermodynamic relation for a polarizable system in an external
electromagnetic field. Were e is the energy density, µ is the collective chemical potential
⃗ is the electric displacement, 𝐻
⃗ is the magnetic field,
of Li-ions, 𝐸⃗ is the electric field, 𝐷
⃗ is the magnetic induction field, adapted from Latz et al.47
and 𝐵

⃗ +𝐻
⃗ ∙ 𝑑𝐵
⃗
𝑑𝑒 = 𝑇𝑑𝑠 + 𝜇𝑑𝑐 + 𝐸⃗ ∙ 𝑑𝐷

(2.13)

These models vary depending on the type of material used in the electrodes.
Therefore, new thermodynamic models try to predict the overall capacity of the LIB
affected by different factors: electrode chemistry133, internal microstructure62,139, particle
sizes30, and cycling temperature61,138, among other variables are still been taken into
consideration for these models140. The most commonly used models relate Butler-Volmer
kinetics and electrochemical potential with symmetric charge transfer coefficients to
describe the lithium intercalation reactions on the degrading electrode139,140. Equation 2.14
gives the fundamental Butler-Volmer equation for intercalation current. Where i0 is the
amplitude of exchange current density (depends on initial vs maximum salt concentration
in particle), αa / αc is the anodic/cathodic contribution to the overall reaction, ƞs is the
measured overpotential applied, F is the Faraday constant, R the universal gas constant,
and T Temperature.
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∝ 𝐹

∝ 𝐹

𝑎
𝑐
𝑖𝑠𝑒 = 𝑖0 (𝑒𝑥𝑝 [ 𝑅𝑇
ƞ𝑠 ] − 𝑒𝑥𝑝 [ 𝑅𝑇
ƞ𝑠 ])

(2.14)

Thermodynamic models have been proposed ranging from first principle
calculations141, redox ionic interaction63,142, up to general overview of battery cell packs143.
For example, studies performed by Maher and Yazami with LCO/graphite cells cycled at
C/2-rates between 2.75 V and 4.2 V for up to 1000 cycles. They obtained data on their
discharge capacity, capacity loss, average discharge voltage, and related entropy and
enthalpy thermodynamic data for both electrodes with open circuit voltage (OCV). They
found that with increasing cycle number, the entropy and enthalpy profiles show more
significant changes than the discharge and OCV curves for particular SOC (75%, 85%, and
90%) and OCV values (3.95V, 4.05V, 4.075V). These effects were compared with XRD
analysis where the LCO to be mostly affected rather than the graphite. This work show
how thermodynamic models can be applied at different analysis scales144.
While the majority of this research mostly studies the thermodynamic and
electrochemical interactions inherit to the lithiation and delithiation processes, work
elucidating interactions between degradation at different scales and operational conditions
still requires more analysis. Assessment of these interactions should seek to relate the
microstructure influences on behavior described regarding the 2nd law of thermodynamics
and exergy destruction with electrochemical models, to understand the performance effects
of electrode degradation in LIBs.
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2.3. Imaging Techniques
Imaging techniques are widely used to understand material behavior in a variety of areas
from metallurgy to medical sciences. These techniques have been applied to LIB battery
research not only to understand the working mechanisms but also to understand the
evolution of the cells, and potential safety concerns while operating under different
conditions. The range of imaging techniques varies from visual inspection, which allows
the detection of degradation features (e.g. lithium plating54,145, lithium dendrites12,
electrolyte decomposition146,147) in the LIBs internal components, to tomographic
neutron148,149 and X-ray imaging41,45 that permits the visualization of the microstructure
and particle description.

2.3.1.

Optical Microscopy

Post-mortem analysis for batteries is a widely used destructive method in which
several physical characteristics from the cycled batteries can be obtained using variety of
characterization approaches99,150,151. For visually analyzing the electrode surfaces, optical
microscopy is a simple and concise way to find any changes in both anode and cathodes.
Electrode material transfer from cathode to anode120, as well as particle material attachment
to the separator152,153 and lithium plated regions in the anode56,75,154,155 can be readily
observed through an optical microscopy visual analysis.
Early in situ measurements using optical microscope can be traced back to Harris et
al.156 where a graphite half-cell was cycled and compared while holding different voltage
levels and checking the current drop. These efforts correlated the change in color of the
graphite electrode during Li intercalation to Li content at different voltage plateaus.
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Most recently work from Fear et al. used an in operando configuration to visualize
lithium plating on graphite half-cells while incrementally varying C-rates (from C/10 to
3C) and operational temperatures (from 0⁰C to 30⁰C). Their results are shown in Figure
2.13, where the evolution of lithium plating from its appearance at a 20% SOC in random
spot formation (nucleate plating), up to its rapid extension through the whole anode for
SOC above 60% (film plating)157. Optical microscopy is a direct visual tool that will be
used towards post-mortem electrode characterization in Chapter 4.

Figure 2.13- Graphite electrode images for 0°C cycled at C/2 half-cells charged at
different SOC. (a) Fresh. (b) Nucleate plating spots. (c) Film lithium plating. Adapted
from Fear et al.157

2.3.2.

Scanning Electron Microscopy (SEM)

Scanning Electron Microscopy (SEM) is used to analyze the characteristic
microstructure of the different LIB constituent materials. Analyses using this technique
have helped to characterize the evolution of the different internal components from LIBs,
whether post-mortem21,64,158 or in operando34,155. Microstructural surface analysis images
from SEM have been used to show the evolution of graphite anode particle degradation
with presence of glossy material related to Li plating and Li dendrite formation153,159,160.
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For cathodes, SEM has enabled the analysis of mechanical degradation through the
mechanical properties analysis106, as well as the creation of NiOx rock-salt layers in Nirich cathodes (Figure 2.14)3,60,130.

Figure 2.14-NMC622 cathode powder. (a) Overall particle shape. (b) Zoom-in normal
NMC particle. Adapted from Liu et al.60
For graphite anode materials, Uhlmann et al. presented an in situ detection of Li metal
plating comparing reference cycled electrodes versus graphite electrodes cycled at short
extreme ultra-high C-rates (10C)155. Figure 2.15 shows the SEM micrographs of the
different graphite anodes. Figure 2.15a shows a relatively normal Li plated surface where
graphite particles are red and green fiber regions are separator remnants. Moreover, in
Figure 2.15b Li residues plated from the electrolyte under aggressive current conditions
(10C) are observable (marked in yellow). Finally, in Figure 2.15c,d the the net like
structure of plated lithium is observable.
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Figure 2.15- SEM images of graphite anode electrodes. For (a), (b) different
magnifications of non-plated regions, where red particles are graphite, green are separator
fibers, and yellow electrolyte residuals. For (c), (d) high presence of Li plating due to
battery cycled to 10C. Adapted from Uhlmann et al.155
For high Ni content cathodes Liu et al. studied the impact of higher cut-off voltages
on a NMC622 half-cell. SEM images shown in Figure 2.16 were used to compare uncycled
electrodes (Figure 2.16a) with electrodes cycled at 4.3V (Figure 2.16b), 4.5V (Figure
2.16c), and 4.7V (Figure 2.16d). Where micropores can be observed on the uncycled
cathode surface, and as higher cut-off voltages are approached micro-cracks extend to
create intergranular cracks on the structure which in return results in capacity fade60, as
noted before in Section 2.2.2.i.

46

Figure 2.16- SEM images NMC622 half cells. (a) Fresh electrode and cycled electrodes
under cutoff voltages of (b) 4.3 V, (c) 4.5 V, and (d) 4.7 V. Adapted from Liu et al.60

2.3.3.

Energy Dispersive X-Ray Spectroscopy (EDS)

SEM when coupled with EDS analysis, has the ability to obtain elemental signals
from the electrode surface. This mapping capability makes SEM+EDS a versatile tool that
relates the qualitative information obtain from SEM images with the quantitative elemental
composition of the microstructure analyzed.
For LIBs extensive work has been done to obtain surface elemental mapping
analysis54,160–162. Graphite anodes are the main researched electrode using this technique,
which shows how regions related to lithium plating have higher presence of oxygen
concentration compared to the uncycled graphite electrodes163.
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Moreover, Ruan et al. presented an analysis for NMC622 half-cells cycled at different
cut-off voltages. Figure 2.17 shows the SEM image of a sample cycled at 4.8V showing a
general view with two regions of interest (Figure 2.17a), these regions of interest are
zoomed-in from the (b) blue square and (c) orange square, which then are analyzed through
the EDS image on Figure 2.17d which did not show any TM dissolution or changes that
would relate to any known terminal degradation mechanism3.

Figure 2.17- SEM image of a sample cycled at 4.8V. (a) General view with two regions
of interest. (b) Zoomed-in blue square. (c) Zoomed-in orange square. (d) EDS elemental
analysis spectra showing no difference in selected regions. Adapted from Ruan et al.3
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2.3.4.

X-Ray Imaging

X-ray imaging is an extremely useful technology that can be paired with
comprehensive electrochemical testing to investigate the underlying degradation
mechanisms of LIB electrodes. Transition metal oxides, LIB materials are natural
candidates for X-ray imaging methods. Many synchrotron X-ray imaging beamlines
operate in the energy ranges encompassing transition metal K absorption edges. The
distinct elemental absorption behavior of active materials, and the mesoscale morphology
of both active and supporting phases (Carbon Black/Binder) can be accessed using X-ray
computed tomography (XCT) as shown by Trembacki et al. After characterizing NMC111
electrodes using XCT technique, they compared two different computational models that
generated the supporting phase, and could observe that increasing supporting phase
nanoporosity, significantly increases the battery’s electrical conductivity by nearly an order
of magnitude164.
X-ray imaging techniques can be paired as part of a multiscale analysis, as Xu, Yang,
Fing et al. applied for a NMC622/Lithium metal pouch cell cycled up to 4.3V, which was
analyzed using SEM and X-ray microtomography and compared with EIS and cycling
characterization. They related the mechanical degradation using the particles’ interfacial
strength and fracture toughness with the electrochemical decay in different cathode
regions. The combination of these techniques helped to elucidate how regions near the
separator presented higher degradation due to heterogeneous particle fracture damage than
the tab regions. Their results demonstrate how degradation for cathodes with higher Cobalt
contain comes from mechanical stresses through main particle breakage at higher cut-off
voltages165.
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X-ray tomography can be also applied to quantify inhomogeneities in LIB electrodes
as presented in Muller et al. work166. The authors used X-ray tomographic microscopy to
create three-dimensional representations of a commercial graphite anode, to relate the
impact of microstructural inhomogeneities over multiple length scales on the overall
battery electrochemical performance. The work concludes that uneven distributions in
particle morphologies from slurry and electrode processing cause microstructural
inhomogeneities that impact the battery overall performance.
Modeling of NMC111 particles by XCT was also applied by Rajendra et al.167 to
correlate battery performance with electrode processing techniques. XCT image samples
from pristine cathodes subjected to distinct manufacturing approaches at different process
stages, showed how geometrical and morphological details of the active material and
secondary phases are affected by electrode’s varied processing approaches. Influence on
process techniques from mechanical (calendaring and ball-milling) to drying modes
demonstrated variation in the morphology distribution of the electrode’s microstructure to
enhance overall battery performance. X-ray particle simulation is also applied in the work
of Shin et al.26 applied simulation analysis of Li diffusion in reconstructed NMC111
particles from X-ray nanotomography under different intercalation conditions. The results
of this simulation were compared to idealized spherical particles on the basis of
dimensionless parameters that link particle morphology, lithium diffusion and reaction
kinetics.
Similar capabilities were applied by Nelson et al. using 3D X-ray nanotomography
to observe the microstructure and composition of active material particles for a NMC111
cathode shown in Figure 2.18. Using a computational transport model and PSD, the Li
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concentration distribution on intercalation was analyzed from the particle’s nanostructures.
Active material particle geometry was characterized and compared for samples from four
cathodes treated with distinct preparation steps. This study provides an example of ex situ
microstructural imaging27.

Figure 2.18- (a) NMC particle finite element mesh. (b) The lithium concentration during
simulated intercalation. (c) Normalized concentration in a particle cross-section providing
detailed view gradients during intercalation process27.
XCT work paired up with spectroscopy techniques can connect elemental with
morphological analysis as presented in recent work from Paul Shearing’s group
characterized commercial 18650 NMC811/Si-Graphite LIBs from LGChem using XPS+
XCT + PSD analysis. Their work describes the electrochemical performance and
microstructural composition of the cells. The charge-discharge capacity for 400 cycles was
correlated with analysis of the full cell, electrodes’ coating, and particle 3D imaging. The
chemical mapping, qualitative microstructural and PSD analysis shown in Figure 2.19,
helped characterize and relate the electrochemical durability, cell chemistry, electrode
thickness, mass loading, areal capacity, and particle structure 168.
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Figure 2.19- Microstructural PSD analysis of and NMC811 commercial cathode.
Showing the ratio and distribution of particles in a selected region of interest168.
Moreover, these imaging techniques can also help to correlate the battery’s
electrochemical performance with different electrode’s preparation coatings. Deng et al.
used X-ray photoelectron spectroscopy (XPS) combined with classic electrochemical
analysis to a NMC811 pellet/Indium foil, to show how initial surface cathode cleaning
improved the overall electrochemical performance form the untreated one169. Another Xray technique that can help elucidate the degradation mechanisms in high Ni-content
electrodes is XANES analysis. Nowack et al. presented a XANES imaging and XPS in
operando analysis on a commercial NCA LIB, where they presented the correlation
between the lithiation/delithiation cycling effects on the microstructural degradation, and
chemical variations in the Ni+ content inside the cathode36. Furthermore, XANES analysis
has also been conducted in high-manganese content NMC electrode characterization. Yang
et al. used the technique to show the changes in chemical phase, oxidation state, and
morphology within a Li1.2Mn0.525Ni0.175Co0.1O2 cathode. In these high Mn electrodes
XANES revealed changes in Mn chemistry through the cycles, as well as morphological
change on the reduction of sphericity of the particles after 200 cycles170.
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These past works provide a snapshot of how the implementation of X-ray
characterization techniques can help elucidate the microstructural and chemical evolution
of different electrode particles. Additional reviews of these methods have been provided
by Pietsch and Wood37, which presents a dedicated review on X-ray tomography for LIB
on which the authors not only highlight relevant work and trends in X-ray tomography of
LIBs, but also explain the particular challenges facing 3D imaging of LIBs.
More importantly Cocco, Nelson et al.
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present a detailed review which covers

three-dimensional microstructural imaging methods for energy materials, and it is an
essential guide to easy understand the X-ray different methods applied to high energy
storage devices.
X-ray imaging techniques such as X-ray microtomography (μCT), ex situ and in
operando XANES image analysis, have been incorporated in this work to access alloy
anode particle structure characterization (particle diameters, sphericity, and surface area to
volume ratio), elemental characterization and evolution of side phase reactions through
intercalation and deintercalation processes in Chapter 5. In addition to the implementation
of ex situ XANES image analysis to low Co cathode NMC electrodes, where a relative
comparison between pristine and cycled particles, can give insight on uncycled vs cycled
regions shown in Chapter 6.
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CHAPTER 3

3. METHODOLOGY

“The words printed here are concepts.
You must go through the experiences”
-Saint Augustine of Hippo

To characterize LIB electrodes, first electrodes were fabricated using slurry casting.
Second, fabricated electrodes were assembled in different types of battery configurations
and cycled under different temperatures and cut-off voltages. Finally, the batteries were
disassembled, and the electrode materials were characterized using different techniques.
This section will explain in detail each of these steps and techniques used, for acquiring
the information to clarify the different degradation mechanisms for these electrodes.
3.1. Electrode Fabrication and Battery Assembly
Different types of cathode and anode electrodes were produced. Nickel Manganese
Cobalt Oxide (NMC811), Copper-Tin (Cu6Sn5), Microparticle Tin, Nanoparticle Tin, and
Graphite were cast on metallic current collector substrates in different ratios of active
material (AM), carbon binder (CB), and polyvinylidene fluoride (PVDF). These electrodes
were subsequently assembled in different battery test cell configurations detailed in Section
3.1.3. All the aforementioned electrodes and batteries were successfully produced and
cycled.
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3.1.1.

Composition and Slurry production

The fabrication of slurries consists of mixing by weight percentage active material
(AM), conductive additive (CA) carbon black and PVDF binder (B) mainly for AM:CA:B
ratios of 90:5:5 (cathode) and 70:20:10 (anode) composition. For Li-ion electrodes, these
components are mixed with N-Methyl-2-pyrrolidone (NMP, Sigma-Aldrich) solvent by a
4:1 volume to mass ratio, to get a slurry consistency that facilitates casting. The mixture is
then mixed in an automatic vortex mixer (VWR-120V) intermittently for 20 minutes using
glass or zirconium balls. The slurry during and after mixing are shown in Figure 3.1a.
Slurry fabrication has been done for NMC811 cathode 90:5:5 composition, as well as
Cu6Sn5, and Sn anodes of 70:20:10 compositions. Casting was successfully achieved and
have been used for battery assembly as shown in Figure 3.2.

Figure 3.1- NMC811 slurry fabrication- (a) Creation of the cathode slurry by mixing
NMC active material, CB and PVDF with NMP. (b) Final mixture after 1 hour.

3.1.2.

Casting and Drying

For both cathode and anode preparation, a foil substrate is cleaned and etched on both
sides using deionized water and isopropanol as shown in Figure 3.2a and described on
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Minter et al172. For anodes 12μm thick copper (Cu) foil (Electrodes and More) is used,
while 15μm thick aluminum (Al) foil (Electrodes and More) is used for cathodes. Al is
avoided for anodes due to its electrochemical activity with Li. After substrate cleaning, the
electrode slurry is cast on the foil with a wet thickness of 150um using a manual casting
(Figure 3.2b) or an automatic doctor blade (Elcometer 4340- Figure 3.2c). Finally, the
electrode is left to dry 12 hours at ambient conditions before drying up for 6 hours under
vacuum at 85°C using the vacuum oven (JeioTech-OV11), where the final product should
be continuous and uniform as shown in Figure 3.2d.

Figure 3.2- Casting process for battery electrodes. (a) Surface cleaning of aluminum foil
substrate. (b) Manual application of slurry on Al foil. (c) Automatic application of slurry
on Cu foil. (d) Finished cathode electrode.
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3.1.3.

Battery Assembly

Different types of battery assembly formats have been used for testing: test cells,
pouch cells, coin cells, custom cylindrical cells, and thick cathode pellets. All formats show
proper electrochemical data results and repeatability as found in literature113,173,174. Herein,
we focus on the use of test cells, pouch cells, and coin cells. Custom cells developed for in
operando imaging are briefly presented as well.

3.1.3.i. Test Cells
Test cells from EL-Cell company have been assembled and cycled for half-cell
formats. The main components of the test cells shown in Image 3.3a consist of Li foil
(anode), Celgard separator (MTI corporation; pore size= 0.21 x 0.05µm; porosity= 39%),
1.0 M LiPF6 in ethylene carbonate and diethyl carbonate (EC/DEC) electrolyte (SigmaAldrich, battery grade) and NMC cathode on Al substrate. These cells were assembled
under a glove box filled with argon (Figure 3.3b) using the steps shown in Figure 3.3c. Test
cells from El-cell and MTI companies have been assembled and cycled for half-cell formats
for the study of both anode and cathode materials.

Figure 3.3- El-cell used for cycling half-cell batteries. (a) Skematic of internal test cell
assembly. (b) Lithium foil preparation inside glove box. (c) Component assembly for test
cell. (d) Final assembled battery connected to cycler.
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3.1.3.ii.

Pouch Cells

As with test cells, half-cell pouch cells were manufactured using the same ratios
and preparation sequence. The main difference in the formats resides on the sealing of the
pouch cell battery; were as to the test cells it is done by applying manual pressure, with the
pouch seal it needs to be done with a thermal sealer as shown in Figure 3.4. Both half-cells
and full-cells were prepared at Multiscale Transport and Energy Conversion (MTEC) lab
in room 309 of the Shelby Center for Science and Technology. Moreover, full-cell batteries
were also produced and cycled using equipment in the laboratory of Dr. Guangsheng Zhang
(Engineering Building room 149).

Figure 3.4- Pouch cell assembly procedure. (a) Preparation of external pouch cell. (b)
Pouch cell assembly inside glove box. (c) Final view and dimensions of assembled pouch
cell. (d) Ziploc bags under argon storage for finished pouch cells.

3.1.3.iii.

Coin Cells

Half-cells and full-cells were prepared in coin format using the Electric Coin Cell
Crimping Machine - ECCCM-160E-A from Micro&Nano Tools shown in Figure 3.5a.
The pressure used for crimping each battery was of 1.30T, and the resulting coin cell
battery can be found in Figure 3.5b.
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Figure 3.5- Coin-cell Crimping machine. (a) Crimping machine view inside glovebox.
(b) Finished coin-cell after crimping

3.1.3.iv.

Cells and Holders for In Operando Studies

Special design of different battery holders for X-ray and neutron imaging
experiments were also done for both cylindrical and pouch cell formats (Appendix- Figure
A1), having positive publishable results while using them on ex situ175 and in operando
experiments45. Two types of in operando cell configurations have been developed:
1) Cylindrical polytetrafluoroethylene (Teflon) battery casing internally NPT
threaded to contain the electrodes, separator and electrolyte were produced by Nicole Tool
and Die (Huntsville, AL). The battery assembly is sealed with stainless steel screws which
acts as the current collectors (Figure 3.6a and 3.6b). Preliminary X-ray and neutron
measurements with this geometry have been performed, but further refinement is needed.
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2) Aluminum pouch cell holders, with small frontal window used mainly for
pouch cell assemblies and can acquire different pressure settings (Figure 3.6c and 3.6d)
were produced in the UAH Mechanical and Aerospace Engineering Machine Shop. This
holder was successfully used for in operando 2D XANES analysis of LIB anodes44. It has
also been used in preliminary neutron imaging studies.

Figure 3.6- (a) Design of cylindrical cell design. (b) Cylindrical cell fabricated. (c) Pouch
cell holder for 2D XANES imaging dimensions. (d) Pouch cell holder with battery inside.
The capability of running X-ray and neutron imaging techniques available from
different Department of Energy National Laboratory User Facilities has been applied for
several different battery cycling experiments. The use of the custom-made battery holders
for these experiments (Figure 3.7) gives the capability of observing, directly and in detail,
2D and 3D dynamics in LIB microstructure and chemical composition through cycling.
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Figure 3.7- Battery holders in use at different National Laboratories. Batteries used at the
Advanced Photon Source (APS) in Argonne National Laboratory (ANL) with the
configuration of (a) Cylindrical cell and (b) Pouch cell holder used for XANES analysis.
Batteries used at Oakridge National Laboratory (ORNL) with the configuration of (c)
Pouch cell holder used at High Frequency Isotope Reactor (HFIR) and (d) Cylindrical
cell used at the Spallation Neutrons and Pressure (SNAP) Diffractometer.

3.2. Cycling Electrochemical Characterization Techniques
Several characterization techniques have been applied to pristine and cycled materials,
in order to understand the main parameters and shifts in performance that occur once
battery cycling is completed. All main electrochemical tests (GCPL, CV, and EIS) were
run on a BioLogic Science Instruments VSP Modular 4 channel potentiostat/galvanostat
shown in Figure 3.8a. A separate BioLogic SP150 single channel potentiostat/galvanostat
is available to support testing at UAH and DOE facilities as well. Additionally, a Neware
BTS4000 with 16 channels was used for GCPL cycling of the coin cell batteries.
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Figure 3.8- Potentiostat/galvanostat used at the Multiscale Transport and Energy
Conversion (MTEC) Lab for running GCPL, EIS, and CV characterization techniques.
Speakers are an integral component of the system, as they support group morale.

3.2.1.

Cycling Studies

3.2.1.i. Galvanostatic Cycling with Potential Limitation (GCPL) Protocol
The main test used for characterizing the battery capacity has been galvanostatic
cycling with potential limitation (GCPL). This technique allows the user to set a constant
charge/discharge current within a set of lower and higher voltage limits. Multiple cycles
can be accommodated to accelerate the C-rate to fast charging and batteries. Through the
application of different C-rates, battery capacity retention and capacity fade can be assessed
as shown in Figure 3.9 for a NMC811 176.
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Figure 3.9- First charge and discharge voltage curves from an NMC811 half-cell battery.
Image adapted from Marker et al176.

3.2.1.ii.

Differential Capacity Analysis (dQ/dE)

Differential capacity analysis (dQ/dE) consists of differentiating the battery
charged capacity (Q) with respect to the terminal voltage (V). This differentiation
transforms voltage plateaus on the charging/discharging voltage (V–Q) curve, which are
associated with key electrochemical reactions, into clearly identifiable dQ/dE peaks. As
shown in Figure 3.10 177 on the analysis of different NMC compositions at higher voltages,
this technique has the advantage to detect a gradual change in cell behavior during a lifecycle test. This analysis yields key information on the cell behavior associated with its
electrochemical properties phase formation and reactions occurring inside the battery178.
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Figure 3.10- Differential capacity vs cell voltage analysis of NMC-graphite cells
recorded at 0.1C rate (3rd cycle). Vertical lines mark the cut-off voltages for the cells.
Peaks are assigned to different phase transitions, H for hexagonal and M to monocyclic
on the NMC cathode. C indicates the lithiation of graphite on the anode side. Adapted
from Wang et al177.

3.2.2.

Electrochemical Characterization

Electrochemical characterization is relevant to understand the internal phases,
reactions, and resistances that occur inside the battery. The following section will discuss
in general some of the maintechniques used in this work to obtain relevant information to
recognize important internal reaction features in LIBs.
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3.2.2.i. Cyclic Voltammetry (CV)
Cyclic voltammetry (CV) is used to analyze the cell voltages associated with
electrochemical reactions in the battery by sweeping with increasing/decreasing current
steps on designated differential voltage steps per second. CV is a common electrochemical
technique applied in two-electrode and three-electrode systems and can be applied before
and after cycling batteries. The more reversible the redox couple is, the more similar the
oxidation peak will be in shape to the reduction peak, these measurements have been
applied for both lithium and sodium ion batteries (SIB). For NMC samples, CV
measurements were made at a scanning rate of 0.01mV/s in order to ensure characterizing
the main phase peaks at each voltage and specific capacity. The selected scanning rate has
been used successfully in characterizing SIB as shown in Figure 3.11.

Figure 3.11- Adapted from Ruan et al3. CV curves of LiNi0.6Co0.2Mn0.2O2 (NMC622)
cathodes cycled in a full-cell LIB from 2.8V-4.9V, with a scan rate of 0.01 mV/s, show
different peaks were electrochemical reactions and phase transitions occur in a specified
voltage window.
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3.2.2.ii.

Electrochemical Impedance Spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) is a frequency domain
measurement made by applying a small sinusoidal AC voltage perturbation to an
electrochemical system (e.g., battery). This perturbation is applied to measure the
impedance over a range of frequencies at a single perturbation angle. Through the analysis
of equivalent electrical circuit elements as shown in Figure 3.12 48, the impedance spectrum
is attributed to different physical processes in the battery. EIS may be appropriate for
simple systems with well-defined physics but may not be able to discern the differences
between complex reaction mechanisms179.

Figure 3.12- Representative EIS Nyquist Impedance plots, characterizing physical
phenomena resistance inside the battery. Nyquist plots of NMC622 after five cycles
Adapted from S.Liu, J.Su, J.Zhao et al48.
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3.3. Microstructural Characterization
In addition to the electrochemical characterization techniques mentioned above, a series
of methodologies which enables the qualitative and quantitative microstructural analysis
of the cathodes will be applied.

3.3.1.

X-Ray Diffraction

X-ray Diffraction (XRD) is a widely used material characterization technique. It uses
Bragg’s Law (Equation 3.1)180 to correlate the scattered wavelengths diffraction pattern
from incident X-rays applied into the crystallographic structure of the analyzed material.

Bragg’s Law

nλ = 2dsin(θ)

(3.1)

A representative schematic is shown in Figure 3.13, where d is the distance between
two atomic planes (lattice spacing), n is an integer called the order of reflectance, λ is the
wavelength of the electromagnetic radiation (m), and θ is the angle between the incident
beam and the normal vector of the reflecting crystalline plane. The lattice spacing, d, is
characteristic and therefore can be used to identify crystal structure. X-ray diffraction
patterns were obtained by employing Cu-Kα radiation using Rigaku MiniFlex 600 XRD
system.
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Figure 3.13- Representative XRD patterns shown in Pristine vs Cycled nano and micro
tin (Sn) electrode samples cycled in sodium ion batteries, taken from the Rigaku Miniflex
XRD system. Adapted from Hull et al180.

3.3.2.

Optical (Light) Microscope

Optical microscopes use visible light with a system of magnification lenses to
generate magnified images of a sample. The sample is placed on a stage where a special
camera is used to capture the desired image. The optical microscope image analysis showed
in this work was performed using a Leica S8AP0 microscope (Magnification lens APO
1.6x/WD 37mm). Images were taken at different magnification levels (1x and 4x).

3.3.3.

Scanning Electron Microscope (SEM)

Scanning electron microscopy (SEM), is a qualitative characterization technique
which takes images of a sample by scanning the surface of the sample material with a
focused beam of electrons. These electrons interact with the atoms in the sample, producing
signals that will be converted into an image, which shows qualitative microstructural
topography and basic element differentiation of the sample’s surface.
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3.3.3.i. SEM Basics
For the SEM images, depending on the penetration depth of the electrons, different
secondary products are created. For imaging, the secondary and backscattered electrons are
mostly used. The secondary electrons occur through inelastic scattering of the primary
electrons at the atom nucleus or at the electrons in the atomic shell. SEM imaging was
performed with two different equipment. For the LCO/Graphite analysis the JEOL 7000
FE Scanning Electron Microscope from The University of Alabama Analytical Research
Facility was used. For the NMC811 half-cell analysis, the LEO 1550 SEM, available in the
Nano and Micro Devices Center (NMDC) at UAH was sued. This equipment has been used
to take surface morphology pictures of different pristine and cycled electrodes, such as
LMO nanorods shown in Figure 3.14. This SEM has also been used for imaging of Sn
anodes for SIBs.

Figure 3.14- SEM images of NMC111/graphite full cells cycled at 55⁰C. Showing
NMC11 cathode for (a) pristine, (b) after cycling at 4.2V and (c) 4.5V. Adapted from Liu
et al130.
Previous electrode sample preparation for SEM is required. Cycled batteries need
to be opened inside an argon filled glove box, and cleaned with propylene carbonate (PC)
solution, to remove any electrolyte or salt present on the electrode. After a 24 hour drying
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period inside the glove box, the electrode samples are taken out of the glovebox and
attached them into the SEM sample holders with dual carbon black adhesive tape.

3.3.3.ii.

Energy Dispersive X-Ray Spectroscopy (EDS)

Energy dispersive X-ray spectroscopy (EDS) mapping analysis can illustrate
elemental distributions (Li, P, F, C, O, etc.) semi-quantitatively on electrode particle
surfaces. This chemical characterization technique is usually paired with the SEM imaging
capability, allowing a combination of qualitative microstructural and chemical composition
mapping.
For example, Juarez-Robles et al. showed the chemical distribution and analysis of
the different elements can obtained in a cycled Cu6Sn5 electrode (Figure 3.15)43. In this
work, this technique is used to show the presence of different side phases in the cycled
electrodes compared to fresh ones. The EDS characterization was applied for the
LCO/Graphite analysis, the equipment used was the JEOL 7000 FE Scanning Electron
Microscope from The University of Alabama Analytical Research Facility.
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Figure 3.15- EDS pattern analysis of the fully lithiated 70:20:10 Cu6Sn5 electrode.
Oxygen (red) associated to Li−Sn alloys. Copper (green) found around cracks. Scale bar
is 50 μm.. Adapted from Juarez-Robles et al.43

3.3.4.

X-ray Imaging Techniques

X-ray imaging techniques consist apply either ionizing or non-ionizing radiation to
view the internal form of an object. Conventionally, an X-ray generator produces a beam
of X-rays that is projected toward a sample. Moreover, the sample’s electrons will absorb
a specific amount of energy depending on the object’s density and chemical composition,
as well as the X-ray beam’s energy level. The X-rays that pass through the object are
captured behind the object by a detector. The image data can be used to analyze the
evolution of a material in 2D or 3D depending on the image acquisition approach. Two
primary methods applied in this dissertation are described below.
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3.3.4.i.

X-Ray Absorption Near Edge Structure (XANES) Imaging

X-ray absorption near edge structure (XANES) imaging is an absorption
spectroscopy in which the core electron interacts with the field of an incident X-ray to
acquire a time dependent acceleration of their photons. By varying the energy of a
monochromatic beam of incident photons, a spectrum of the absorption cross section may
be generated and analyzed to determine the local electronic structure of an atom as it
evolves throughout a reaction or electrochemical process. Frequently, this technique is
implemented to track changes to the oxidation state of electrochemically active elements
as well as determine the microstructural evolution of the analyzed material. Figure 3.16
shows representative image-based XANES spectra references for different elements used
to analyze the chemical composition of alloy electrodes. Here, the normalized X-ray
absorbance for a region of an imaged sample is plotted as a function of the incident X-ray
energy in electronvolts (eV).

Figure 3.16- XANES spectra for Cu, Cu6Sn5, and Li2CuSn show distinct absorption
behavior. Adapted from Ausderau et al44.
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3.3.4.ii.

Tomographic Imaging

Tomography is an imaging technique used to reconstruct the shape of an object
from several plane transmission images taken in increments over a range of angles,
typically 180° or 360°. Coherent X-rays penetrate the sample, which is mounted on a
rotating stage. The transmitted beam is converted to visible light by using a scintillator, and
the resulting image is optically magnified and recorded. The set of projections collected at
different angles is reconstructed into a 3D data set, represented as a set of virtual cuts shown
in Figure 3.17 27,44.
3D elemental and chemical mapping methods have been applied to batteries in
recent years. Some of these techniques have been focused-ion beam/scanning electron
microscope (FIB/SEM) serial sectioning, X-ray absorption spectroscopy (XPS), XANES
and X-ray/neutron tomography. From the aforementioned methods 3D XANES analysis
can take different tomographic images at different energy levels, to differentiate the AM
from the side phase regions, producing a chemical and composition map of the analyzed
sample, which helps to elucidate the complex connection between composition,
morphology, and performance 37.
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Figure 3.17- Concept of tomography. (a) Sketch of a standard attenuation contrast
experimental setup. (b) Illustration of the X-rays penetrating the rotating sample. (c)
Tomographic reconstruction converged into a 3D data set. Sketch adapted from Pietsch P.
and Wood41,181,182

3.4. Image Processing and Analysis Characterization
Acquiring image data from different sources is only half of the overall work to
completely characterize any material using X-ray methods. Further processing of the
images is pivotal to analyze the different qualitative or quantitative changes in the analyzed
sample. This section will further explain the signature image processing and
characterization techniques used at UAH’s MTEC laboratory, which development has
showed consistent efficacy in analyzing materials while using data from different type of
image sources.
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3.4.1.

Grayscale Analysis

To distinguish between the constituent materials in the reconstructed images of
different samples, grayscale analysis is the most intuitive straightforward technique that
can be applied. Initially, reconstructed or obtained images are smoothed using a median
filter with a specified pixel radius which depends in the overall image quality; best results
have been found when using values ranging between 1.5 and 3.0. The next step is to
differentiate between each material in the samples based on the attenuation (brightness) of
each phase or composition. Reference materials are used initially to characterize the
grayscale values. These reference values are usually in a defined range of attenuation which
helps identifying the different composition based on each particles’ level of attenuation.
With the known relative brightness of each material, the grayscale range for each material
is defined. For example, Figure 3.18 shows a representative cross-section of a reconstructed
Cu6Sn5 sample containing three materials (Cu, Cu6Sn5, and Sn), imaged at a single X-ray
energy (8000 eV). The grayscale values along the yellow line are plotted in the inset graph
in the top left. Each particle the line crosses is labeled on the top right. Imaging below the
Cu K-edge the Cu particles are the least attenuating and darkest in the absorption mode
reconstruction. Likewise, the Sn particles are the most attenuating (brightest). The Cu6Sn5
particles showed intermediate attenuation. These segmentation procedures based on
grayscale values variation had been found successful in separating the different electrode
components from each other depending on their attenuation. However, they are prone to
operator subjectivity.
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Figure 3.18- Absorption contrast data for a composite sample taken at 8000eV shows
distinct gray values for Cu, Sn, and Cu6Sn5 materials. Adapted from Ausderau et al 44

3.4.2.

Histogram Guided Analysis

Another complementary approach for separating the different materials from the
grayscale values images is using a histogram guided analysis approach. This analysis is of
great importance when grayscale intensity values are close. Hence, a more quantitative
approach needs to be addressed in order to guarantee the accuracy in the analysis and
mitigate subjective selection of representative grayscale values. Histogram peaks represent
a different type of material or mixed material regions found in the analyzed sample. Once
the different representative peak regions are identified, mean filter and minimum
subtraction of values can be applied, as in Section 3.4.1, to minimize the noise and remove
the image background.
Figure 3.19 shows an example from Juarez-Robles et al.183 where a histogram guided
analysis approach is used analyzing an image of cycled Cu6Sn5 electrode taken from a X-
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ray microtomography scan. To minimize the variation, subregions are selected such that
the lowest value of the selected area attenuation was within 25% of the maximum value of
the Cu current collector attenuation (bottom of the image) for the subregion.
The sample subregions selected show a range of particle sizes with varied attenuation
due to the presence of copper, Cu6Sn5, and Sn. These characteristics facilitated segmenting
the metallic materials (Cu, Cu6Sn5, and Sn) from the supporting pore/carbon/binder regions
in the electrode samples. In this analysis, the Cu, Cu6Sn5, and Sn materials are treated as a
single solid metallic material phase. After identifying the subregions, the electrochemically
inactive Cu current collector can be cropped from the image. Higher attenuation phases
can be segmented from the lower attenuating phases, and the final image can be used for
further analysis.

Figure 3.19- Images of the Cu6Sn5 70:20:10 electrode cycled between [0.2, 1.5] V and
extracted after being discharged to 0.2 V vs Li/Li+. (a) Image following the application of
a mean filter. (b) Image after background removal. Red square shows histogram peak
region that subtracted from the analysis. (c) Green circle surrounding histogram peak
representing the Cu/Cu6Sn5/Sn particles and Cu foil current collector segmented from
nonmetallic phases.
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3.4.3.

Thresholding

Thresholding is an image segmentation methodology, which transforms a full color
(RGB) or grayscale image to a binary (black and white) image. The method basically
replaces each pixel of the original image in either black or white, depending on the pixel’s
intensity relative to a defined threshold value. Thresholding in the present work is done
using the ImageJ software184, and starts after obtaining the histogram or grayscale edited
image from 3.4.1. or 3.4.2. The threshold process is applied to generate a binary image of
the different electrode phases for subsequent analysis. Figure 3.20 shows an example of
the different step used on a Cu6Sn5 electrode analysis from Juarez-Robles et al43. Once the
binary images are obtained, a hole filling routine in FIJI is used to fill out holes present in
some of the particles shown in Figure 3.20a. The resulting image is shown in Figure 3.20b.
Following the hole filling, an erosion process is done to remove pixels in the particle
boundaries and further aid in segmenting the remaining particles that are connected at
edges, as shown in Figure 3.20c. Afterwards, the particles are separated using watershed
segmentation tools available in FIJI. This added step helps to separate distinct particles for
further analysis of particle size distributions, specifically the characterization of particle
surface area and volume. The watershed process does result in a net removal of the solid
material. To mitigate this over segmentation, a dilation step is performed on the binary
image following watershed segmentation (Figure 3.20d). This dilation results in a marginal
increase of 2−3% on the particle size estimates compared to estimates based on the original
thresholding step. Finally, the holes filled prior to segmentation and the boundaries
between particles from the watershed segmentation are reincorporated into the binary
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image data. Once segmentation of the different phase regions is completed, the resulting
binary image data can be used for further quantitative characterization.

Figure 3.20- Images of the Cu6Sn5 70:20:10 electrode cycled between [0.2, 1.5] V and
extracted after being discharged to 0.2 V vs Li/Li+ after threshold. (a) Image after initial
threshold. (b) Image after filling holes. (c) Image after erosion and watershed techniques.
(d) Dilated and cropped region for further phase size distribution (PSD) analysis. The
black spots represent the Cu, Cu6Sn5, Sn particles related to the active materials, while
the white regions represent the nonreactive carbon/binder components.

3.4.4.

Microstructure Geometry Analysis

Microstructure morphology analysis helps determine the various electrode parameters
such as sphericity, surface area to volume ratio, volume fraction, continuous phase size
distributions, and particle size distributions. Performance of lithium-ion battery is tightly
dependent on the microstructural geometry and distribution of phases, not only from its
electrode’s active material but also its supporting phase. The methods of Münch and
Holzer185, and Grew et al.186,187, are used to characterize the microstructure in metallic
anodes. Two different approaches are taken to analyze thresholded images for acquiring
microstructural characteristic data.
The particle size distribution algorithm developed by Munch and Holzer is run to
determine the particle volume, surface area, and sphericity for each identified particle in
the thresholded image acquired from 3.4.3. This approach estimates particle sizes based on
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spheres of equivalent volumes, which overestimates particle size while yielding accurate
values for other parameters27. The continuous phase size distribution analysis of Munch
and Holzer is used to obtain a more accurate estimate of phase sizes. This process,
summarized in Figure 3.21, involves the application of a distance transform to the
thresholded images, which maps the grayscale values of a phase of interest to the distances
to the nearest pixel of a second phase. The centers of a given phase region is determined
by finding the local maximum values of the distance map. Once these locations are
determined, iteration of spheres of different diameters are fixed to the central locations,
and repeatedly dilated until they are tangent to a solid pixel. The cumulative volume of the
spheres is recorded at each point of dilation. Once the process is complete, a cumulative
size distribution of the cumulative volume and relative particle sizes is obtained. Using
these statistics, several particle properties are assessed including surface area to volume
ratio, and volume fraction all as a function of particle radius for both active materials and
supporting phases.
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Figure 3.21- PSD methodology applied to acquire particle size microstructural
information. Adapter from Münch and Holzer185.

3.4.5.

XANES Image Analysis

XANES image analysis is similar for any type of National Laboratory formats. The
analysis workflow applied in our laboratory uses FIJI184 and the TXM Wizard188 tool from
the Stanford Synchrotron Radiation Lightsource for a consistent methodology. Initial
processing steps are completed using the ImageJ software184. The raw images normally
contain regions near the borders that are affected by artifacts produced from the condenser
(Figure 3.22a). To remove these artifacts and noise in the adjacent regions, the sample
images are cropped in a selected region of interest (ROI). Figure 3.22b shows an example
of the ROI after cropping for a Cu6Sn5 anode. Characteristic sub-regions without any noise
present are selected to generate a grayscale range that is applicable to the entire stack.
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Figure 3.22- Initial image from a Cu6Sn5 electrode initial image analysis. (a) Raw image
showing selected region of interest (ROI) to analyze. (b) ROI after being cropped.

Afterwards, a median filter (pixel radius range [1.5 - 3.0]) is applied to the entire stack
(Figure 3.23a). This process helps merge pixels with the same range of brightness, creating
a separation between the lower and higher attenuation regions. Subsequently, the average
brightness value is determined using the histogram methodology discussed in 3.4.3. This
allows to denote the main reference values to subtract from the background regions (Figure
3.23b). For ex situ XANES analysis the image edit process finish after this step before
applying spectra assessment. Nevertheless, for the in situ studies a special condition might
occur that require additional processing. When the current collector substrate and the
electrodes have the same material components (e.g., a Cu6Sn5 electrode on a Cu current
collector), it presents a challenge in the separation and characterization of the XANES
spectra. Because the substrate and the active material both react to the X-ray energy
changes, it will present a consistent background signal at each X-ray energy for both
substrate and the active material particles alike, making it difficult to differentiate from
each other. Therefore, additional image processing is needed to subtract the current
collector background to differentiate the electrode’s active material.
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The XANES method shifts the set of grayscale values in the image by the same
amount. Since the XANES analysis is based on variation between states and not raw
grayscale values, the change in grayscale relative to the pre-edge and post-edge states is
preserved for the main particles. Therefore, a background subtraction process is applied.
This process indexes lower values to the background foil and isolates the active material
particles from the electrochemically inert substrate, which consistently separates the
material of interest from its background (Figure 3.23c).

Figure 3.23- Image processes for background removal. (a) Image after cropping regions
affected by condenser artifacts. (b) Background subtraction application. (c) Final image
after removing background values to isolate the active material.
After final images of the active material evolution are obtained, the spectra for
different phases are acquired based on analysis of edge jump magnitude and absorption
using TXM Wizard software170. Assessment is performed on bulk sample images and on
selected particles to yield a consistent spectrum as shown in Figure 3.24c. An edge jump
filter is first applied to isolate responding particles from the raw XANES data, and the
results are normalized to generate spectra for each reference sample images. Each reference
will show a different behaviour between pre-edge (Figure 3.24a) and post-edge (Figure
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3.24b) absorption spectrum. Following this assessment, this process is repeated on different
ROI for each image.

Figure 3.24- Cu powder sample for absorption spectra reference. (a) Pre-edge and (b)
post-edge absorption for Cu shows a mixture of regions responsive and unresponsive to
varying X-ray energy. (c) Regions of the bulk sample XANES spectrum related to each
image are highlighted on the overall bulk XANES spectrum.
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This iterative process yields a consistent bulk XANES absorption spectrum that can
be used as future material reference. Results of this analysis yields maps of the distribution
of the phases with different chemical composition shown in Figure 3.25.

Figure 3.25- Composition chemical maps for different powder reference samples. (a) Cu,
(b) Cu6Sn5, and (c) Li2CuSn. Adapted from Ausderau et al.44
These images examples of different results from this analysis for Cu, Cu6Sn5, and
Li2CuSn sample materials that will be used later on as XANES spectra reference in the
different performed sudies.
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CHAPTER 4

4. LITHIUM COBALT OXIDE (LCO) AND GRAPHITE STUDIES

“Experience is not what happens to a man;
it is what a man does with what happens to him.”
-Aldous Huxley, Texts & Pretexts: An Anthology With Commentaries

Lithium Cobalt Oxide (LCO)/Graphite Li-ion batteries are the state-of-the-market
technology used in EVs and other high-end applications. This type of battery was important
to analyze using both electrochemical and microstructural analysis to understand the main
degradation mechanisms of high Co Li-ion batteries. The degradation mechanisms of LCO
batteries provide an important comparison for the low Co cathode batteries studied in
Chapter 6. Furthermore, examination of full cell degradation provides a foundational
perspective for the multiscale nature of LIB degradation.
The influence of different cycling conditions during long-term cycling on the
degradation of LCO/Graphite Li-ion cells is investigated in this chapter, which were
obtained from previous work from Cavalheiro et al109. A LIB stack consisting of five
commercial 3 Ah pouch cells connected in parallel (herein designated as Cells 1-5) was
tested for 2215 cycles and compared with a single baseline cell (designated as Baseline).
Cycling and electrochemical performance of the cells varied proportionally to the
temperature distribution within the stack.
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Preliminary results from the cycling data showed that non-uniform temperature
distribution in the cell stack caused non-uniform and accelerated degradation. All cells in
the stack experienced higher temperature rise and degraded faster than the baseline cell.
Capacity retention of the stack’s middle cell decreased by half after 2215 cycles, while the
other cells retained above 80% of their original capacity. This study will focus on analyzing
the critical cells, which are the Baseline reference (cell not included in the stack), the
outside cell of the stack (cell with lowest overall temperature, Cell 1), the middle cell of
the stack (cell with highest overall temperature, Cell 3) and an uncycled cell (Fresh).
Methods and details of the test cycling characterization are found in Cavalheiro et al.109.
Further analysis through non-destructive Electrochemical Impedance Spectroscopy
(EIS) is presented in section 4.1. Additionally, post-mortem analysis using optical
microscope, XRD, and SEM paired with EDS image analysis, presented in section 4.2,
provides detailed comparisons between the most critical cells compared, the baseline
reference cell, and the uncycled fresh cell.

4.1. Electrochemical Characterization (EIS)
EIS was used to understand the internal resistances of the cycled cells, and to correlate
these resistances to performance degradation. EIS measurements were performed at 0, 20,
40 60, 80 and 100% SOC with a multi-channel potensiostat/galvanostat (Bio-logic VMP5). The frequency range was 100kHz–0.01Hz, with a 5mV sinusoidal perturbation
amplitude. General EIS results analysis were made for the critical cells Fresh, Baseline,
Cell 1 and Cell 3, batteries which are shown in Figure 4.1, in which the general evolution
of the different SOC% relates with the ones found in literature189–192.
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Figure 4.1- 3D Nyquist plot from 0% to 100% state of charge (SOC) EIS curves for
Lithium Cobalt Oxide (LCO) batteries cycled at different conditions after 2215 cycles,
showing the increase in impedance.
The performed EIS analysis for the critical cells is shown in Figure 4.2, which denotes
a gradual change in the charge transfer resistance found in the second semi-circle evolution
while lithiation process, which suggests an increase of the charge transfer or intercalation
resistance (Rct) of the electrodes conforming with change in the microstructure and phase
changes through cycling.
Moreover, the SEI evolution from the first semicircle corresponds to the contact or
surface resistance (Rsf), the analysis shows that these values increase while moving from
a 0% to a 100% SOC, the trend of higher resistances on fully lithiated states can be related
to the depletion of the available lithium for the intercalation process.
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Figure 4.2- Nyquist Impedance plot comparison of the critical cells at (a) 0% SOC and
(b) 100% state of charge (SOC).

Additionally, Cell 3 presents the highest amount of resistance compared to the other
cells, where it shows the highest values for high and low frequencies resistances as well as
presenting a higher diffusion resistance at all SOC levels. This diffusion resistance at lower
frequencies relates to the decrease in the porosity that supports Li diffusion. This
development can be explained either by a substantial increase in the SEI formation,
presence of Li plating, or by volume change and particle cracking. All these phenomena
hinder the ability for Li diffusion and the intercalation it supports. These phenomena also
accelerate the Li depletion rate.

4.2. Microstructural Characterization
After cycling and EIS, the 7 different batteries analyzed were discharged to 2.8V to later
be disassembled inside a controlled atmosphere Glove Box full of Argon with less than 1
PPM of moisture. Each side of both the cathode and anode sheets were thoroughly cleaned
for around 1 minute using Propylene Carbonate (PC) (anhydrous 99.7%) from SigmaAldrich to remove any remaining electrolyte from each electrode sheet. Afterwards, the
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sheet was left to dry inside the glove box and then weighed individually using a (Sartorius
Secura® Analytical Balance). Next, samples were stored outside the glovebox at ambient
conditions and then used for different microstructural characterization techniques. Optical
microscopy and SEM implementation were applied to understand the electrodes’ surface
morphologies at lower and higher resolutions, while EDS helped characterize the elemental
chemical composition in their surfaces. Nevertheless, because these techniques lack a bulk
analysis and identification of the crystalline structure, follow-up XRD was implemented
that can determine these kind of features. These techniques complement each other to
determine the overall evolution between fresh and cycled electrode samples.

4.2.1.

Electrode Weight Analysis

After disassembly of all the electrodes, the cathode and anode weights were taken for
each individual sheet. A total of 10 cathode sheets and 15 anode sheets were weighed.
Average weight difference between the cycled electrodes versus the fresh ones was
calculated and it is shown in Figure 4.3 and Tables 4.1 and 4.2.

90

Table 4.1- Weight results cathodes in grams (Values with “-“represents electrode
damaged, unable to get accurate weigh readings)
Cathode

Fresh

Baseline

Cell 1

Cell 2

Cell 3

Cell 4

Cell 5

P2

2.0139

1.9737

1.9612

1.9342

1.9804

1.9978

1.9986

P3

2.0132

1.9065

1.9708

1.9342

1.9621

1.9712

1.9986

P4

2.0034

1.9631

1.9691

1.9506

1.9835

1.9724

1.9979

P5

2.0019

1.9831

1.9643

1.9361

1.9667

1.9724

1.9939

P6

1.9954

1.9565

1.9648

1.9315

1.9507

1.9648

1.9922

P9

1.9983

1.9665

1.9747

1.9444

1.9886

1.9718

1.9719

P10

2.0021

1.9634

1.9644

1.9326

1.9695

1.9753

1.9914

P11

1.9933

1.9258

1.9653

1.9681

1.9741

1.9728

1.9901

P12

1.9935

1.9759

1.9686

1.9622

1.9431

1.9679

1.9865

P13

1.9957

-

1.9678

1.9679

1.9384

1.9672

1.9878
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Table 4.2- Weight results of anodes in grams (Values with “-“represents electrode
damaged, unable to get accurate weigh readings)
Anode

Fresh

Baseline

Cell 1

Cell 2

Cell 3

Cell 4

Cell 5

P1

-

1.3821

1.3893

1.3604

1.3742

1.3642

1.3977

P2

1.4955

1.4341

1.431

1.4066

1.4193

1.3985

1.4291

P3

-

1.4462

1.4384

1.4197

1.4273

1.4008

1.4349

P4

1.4823

1.4442

1.4314

1.4417

1.4208

1.4172

1.4428

P5

-

1.4344

1.4229

1.4372

-

1.4242

1.434

P6

-

1.4341

1.4317

1.4478

1.4328

1.4188

1.4361

P7

1.5009

1.4397

1.4338

1.4439

1.4322

1.4271

1.4309

P8

1.4971

1.4453

1.4339

1.4423

1.4294

1.4412

1.4348

P9

1.4981

1.4473

1.426

1.4402

1.4301

1.4418

1.4352

P10

-

1.4338

1.4315

1.4555

1.4329

1.4378

1.4341

P11

1.5012

1.4454

1.4278

1.4412

1.4244

1.4372

1.4378

P12

-

1.4392

1.4375

1.4335

1.4291

1.4358

1.4351

P13

1.5052

1.4417

1.4298

1.4393

1.4246

1.4401

1.4341

P14

1.5175

1.4408

1.4343

1.4388

1.4234

1.4391

1.4427

P15

-

1.3903

1.3967

1.4214

1.374

1.3878

1.3995

92

Figure 4.3- Weight averages and median analysis for each battery in grams. (a) Cathode.
(b) Anode.

Mass loss was observed but was not an indicative of a strong degradation
mechanism , with an average loss of ~1% for the cathode and ~5% for the anode. The
weight loss was attributed to material attached to the separator as shown in Figure 4.4.

Figure 4.4- Cells after disassembly. (a) Fresh. (b) Cell 3.
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4.2.2.

Optical Microscope Analysis

Once the electrodes were cleaned and separated, image analysis using an optical
microscope was performed on all the electrodes sheets. Optical microscope image analysis
was performed using a Leica S8 APO microscope (Magnification lens APO 1.6x/WD
37mm). Images were taken at different magnification levels (1x and 4x). To analyze the
data the software ImageJ was implemented to calculate the relative area of lithiated phases
on the anodes for all cell samples.
The main visible degradation was observed for the anodes. No significant changes
were observed for the cathodes. Therefore, the analysis was focused on the anodes. Visual
presence of white particles was found on all the cycled anodes. A higher concentration of
white regions was found in Cells 2, 3 and 4, as well as cracks correlated to mechanical
stresses induced by cycling shown in Figure 4.5.

Figure 4.5- Microscope images of anodes (x1 magnification). (a) Cracks on surface of
Cell 3, (b) Cell 2, (c) Cell 3, and (d) Cell 4 showing white regions areas.
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Moreover, additional white particles with greater sizes were found in Cell 3 as
shown in Figure 4.6, which correlates directly with the higher temperature experienced
through cycling. These particles are also found by Petzl et al.193, which correlates them
with lithium carbonate (Li2CO3) that comes directly from the presence of plated lithium.
This plated lithium transforms into Li2CO3 through oxidation when the electrodes were
exposed to air. Presence of the white regions was also found near the edge of the anode
sheets as seen in Figure 4.7. This characteristic feature is known as seclusion effect that
corresponds to lithium plating as noted by Juarez-Robles et al.98. The combination of
lithiated regions and thicker SEI formation has been shown in literature to block the Li
diffusion pore networks29,55,164, decreasing drastically the cell capacity even at high
temperatures (>50⁰C).

Figure 4.6- Detailed view of white particles on graphite electrodes (x4 magnification)
regions related to Li2CO3. a) Fresh. b) Baseline. c) Cell 1. d) Cell 3
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Figure 4.7- Post-mortem images of main anode cells. (a) Fresh. (b) Cell 1. (c) Cell 3
showing seclusion effect near the border and white regions in all its surfaces.
Furthermore, image analysis was done to all anodes using ImageJ software, the
lithiated regions are separated and thresholded based on previously developed image
analysis technique showed in section 3.4.3

43,45,175

. Figure 4.8 shows thresholded

comparisons of the analyzed images. White regions related to Li2CO3 presence increase
proportionally as the batteries are cycled at higher temperature. Fresh cell shown in Figure
4.8a is used as reference to compare the increase of lithiated regions from the rest of the
critical batteries. It can be easily observed the increment of Li2CO3 regions frequency when
transitioning from outwards to middle position in the original cell pack, strongly apparent
for Cell 3 in Figure 4.8d .
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Figure 4.8- Microscope pictures at x1 magnification after thresholding. Relative area
percentage of Li2CO3 presence on anodes from a) Fresh, b) Baseline, c) Cell 1, and d)
Cell 3.
Due to the magnitude of lithiated regions observed, quantitative analysis was
performed on all the anode thresholded images through ImageJ. Results of the analysis can
be found in Table 4.3. Moreover, a condensed graph showing the relation between lithiated
area percentage, average lithiated particle sizar and temperature rise is presented in Figure
4.9. It can be observed that the Baseline presented lithiated regions on 1.21% of its area
with an average particle size of 8.64x10-4mm, while Cell 3 presented Li2CO3 regions on
12.37% of its area with an average particle size of 0.004mm2.
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These results show that the increase in localized Li2CO3 area defects are directly
correlated to the decrease in the battery performance, and to the inhomogeneous
temperature increase of the stack during cycling72.

Table 4.3- Cycled anodes average particle size and area percentage of lithiated phases.
Average Particle Size

Li2CO3

Cell Anode

(mm2)

Area Percentage

Fresh

7.92E-04

0.284

Baseline

8.46E-04

1.206

Cell 1

8.50E-04

1.473

Cell 2

3.00E-03

10.889

Cell 3

0.004

12.37

Cell 4

3.00E-03

11.648

Cell 5

9.03E-04

1.438

98

Figure 4.9- Average particle size (mm2) vs Temperature rise (Celsius) vs Li2CO3 area
percentage of cycled cell pack.

4.2.3.

XRD Analysis

To analyze the evolution of the active material crystal structure in both electrodes,
XRD was applied to reveal characteristic diffraction peaks that identified the presence of
different side phases within the materials. XRD data samples were taken from 4 electrode
sheets from each battery (first, middle (x2), and last sheets). X-ray diffraction patterns were
obtained by employing Cu-Kα radiation using Rigaku MiniFlex 600 XRD system from 20°
to 80° 2θ range. XRD data was taken from both cathode and anode sheets. For both cases,
the cycled samples were compared with their ICDD reference (LCO cathode- ICDD#
010702685, and graphite anode- ICDD#9011577).
XRD peak patterns for the cathodes are shown in Figure 4.10. The peaks for these
cells do not present an outstanding variation compared to its Fresh or Reference patterns.
Moreover, the presence of a lithiated side phase LixCoO2, x=0.48 was observed in all XRD
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patterns. The main peaks related to this partially lithiated phase are in the 2θ angles of
37.36º, 44.64º, 48.76º, 58.32º, 63.88º and 69.26º, marked with asterisks in Figure 4.10.
Generally, its presence in the fresh cells can be explained by a non-uniform formation cycle
when preparing the batteries. In-homogeneous formation cycles can cause the creation of
non-uniform SEI areas in the anode and forming partially lithiated phases (LixCoO2,
x=0.48) in the cathode, that have repercussions for the life cycle of the battery.
Nevertheless, the results of weight loss analysis, the visual inspection from the optical
microscopy analysis, and the non-variation of the main peaks from the cycled samples
compared to the fresh ones all indicate that these additional side phases are not the main
degradation factor for the cells studied.

Figure 4.10- XRD peaks for all the cell cathodes compared vs LCO reference. Presence
of an additional lithiated Li1-xCoO2 side phase is observed for all cell’s indicative of a
non-uniform formation cycle.
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Figure 4.11 shows the XRD patterns of the cycled anodes compared to its graphite
reference. For these electrodes new side phase peaks can be observed in the 2θ angles
regions between 20º - 24º, and especially between the 28º - 42º. Relative Intensity Ratio
analysis was performed using the computational software PDXL from Rigaku, to compare
the ICDD database with the obtained patterns, it shows that this additional phase is mainly
observable in the XRD peaks are attributed to Li2CO3 (ICDD#9009642). The intensity and
correlation of this side phase is higher for the cells in the middle of the stacks (Cell 2, 3,
and 4) than in the ones on the extremes (Cell 1 and 5), as well as some presence in the
Baseline.

Figure 4.11- XRD peaks for all the cell anodes compared vs Graphite reference. Presence
of an additional side phase is observed for Baseline and cells in the middle of the stack.

Concentrating on the 2θ region from 28º- 42º only for the batteries which the Li2CO3
peaks are more discernible are shown in Figure 4.12. It can be observed that Cell 3 peaks
match well with the Li2CO3 references more than those in Cell 4 and Baseline. Moreover,
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it can be observed that for Cell 3 the peaks at 29.52º, 30.68 º and 31.84º are not a single
peak like shown as the reference, meaning that the Li2CO3 phase was amorphous and not
completely developed. However, the presence of the other corresponding peaks at 34.22º,
36.10º, 37.04º, and 39.88º are indicative of Li2CO3 deposits formed from lithium plating
on the anode that has been subsequently exposed to air.

Figure 4.12- XRD detailed region between 28º-42º, 2θ angles for Fresh, Baseline, Cell 1,
and Cell 3 anodes compared vs Li2CO3 references. Strong Li2CO3 presence in Cell 3.

4.2.4.

SEM+EDS Analysis

SEM+EDS analysis was performed to obtain the microstructure evolution as well as
the elemental composition of the cell’s electrode surface. The SEM+EDS data was obtained
from the JEOL 7000 FE Scanning Electron Microscope from The University of Alabama
Analytical Research Facility. Different images and points of analysis were taken for
representative samples of both the cathodes and anodes, while compared to the Fresh
electrodes as reference. SEM+EDS characterization was also performed for representative
electrodes from both cathode and anode sides.
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For the cathodes, SEM analysis shows small difference between the cycled and fresh
electrodes. The highest differences were encountered in Cell 3. Figure 4.13 shows different
regions and magnifications for Fresh and Cell 3 cathodes.

Figure 4.13-SEM images of Fresh and Cell 3 cathodes. (a) SED image. (b) Cell 3 SED
image. (c) Fresh BS image. (d) Cell 3 BS image.

Figure 4.14 shows the SEM image of LCO particle structure, which is similar to fresh
LCO cathodes previously reported in literature194,195. Comparing SEM images from Fresh
(Figure 4.14a) and Cell 3 (Figure 4.14 b) cathodes, shows a small amount of main particle
fracture, which supports the hypothesis that the degradation on the cathode was not the
main cause of failure of the cycled batteries.
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Similarly, EDS image analysis is shown in Figure 4.14 for both fresh (Figure 4.14 c)
and cycled cathodes (Figure 4.14 d). This elemental distribution shows that carbon (C),
oxygen (O), fluorine (F), phosphorus (P) and cobalt (Co) contents are maintained without
significant change, which supports XRD observations of partially lithiated cathode phases.
Assessment of the different values from the EDS analysis are shown in Tables 4.4 and 4.5.

Table 4.4- EDS results for Fresh cathode area
Element

Weight

Atomic

Net

Error

(%)

(%)

Int.

(%)

Li K

0.02

0.08

0.00

99.99

CK

13.19

27.57

402.6

2.13

OK

29.08

45.61

2459.6

2.96

FK

2.40

3.17

161.9

11.03

PK

0.00

0.00

0.00

99.99

Mn K

0.31

0.14

44.1

7.82

Co K

51.84

22.08

3840.7

2.06

Ni K

3.16

1.35

215.4

3.56
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Table 4.5- EDS results for Cell 3 cycled cathode area
Element

Weight

Atomic

Net

Error

(%)

(%)

Int.

(%)

Li K

0.52

1.79

0.03

99.99

CK

8.08

15.99

253.26

3.49

OK

39.55

58.73

3971.50

1.85

FK

2.95

3.69

178.04

99.99

PK

0.20

0.15

27.93

26.58

Mn K

0.28

0.12

39.25

19.63

Co K

46.33

18.68

3458.26

2.47

Ni K

2.08

0.84

143.29

13.13
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Figure 4.14-SEM+ EDS images for Fresh and Cell 3 cycled cathodes. (a) SEM Fresh
cathode. (b) SEM Cell 3 cathode. (c) EDS Fresh cathode. (d) EDS Cell 3 cathode.

For the anodes, SEM+EDS analysis showed proportional degradation both in
microstructure and elemental composition as the anode’s cell position was near the middle
of the pack, which also correlates to higher degradation due to the elevated temperatures
observed during the experiment. Images from representative regions of all the anodes
imaged with SEM+EDS are shown in Figure 4.15.
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Figure 4.15- SEM images of anodes. (a) Fresh, (b) Baseline, (c) Cell 1,
(d) Cell 2, (e) Cell 3 and (f) Cell 4.
The SEM images obtained for the critical anodes presented cracks in the
microstructure as well as the presence of two notably different regions. Figure 4.16 show
the Fresh (Figure 4.16a) and cycled Cell 3 (Figure 4.16c) anodes with white (deposited)
and dark (non-deposited) areas. Figure 4.16b shows the SEM image of the fresh anode
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structure, which presents signs of cracks and different deposited regions. The deposited
regions have the same morphological description as SEI/lithium rich regions99,196. The
presence of these characteristic regions supports the idea of an accelerated formation
cycling which could induce initial inhomogeneous localized SEI regions and internal
stresses within the microstructure further promoting crack formation. Additionally, the Cell
3 (Figure 4.16c) electrode shows several cycling related fractures on its main particles, in
addition to the formation of mossy white areas related to Li plating (Figure 4.16d).
The volume change and particle cracking tend to block the existing pore passages for
Li diffusion, which decreases further the diffusion coefficient, exacerbating Li plating. The
combination of these effects and visual presence of the cracks and mossy areas have been
hypothesized145,197 to help Li plating conglomeration points. Nonlinear growth of SEI and
Li plating on Cell 3 promotes electrode porosity clogging, further reducing Li availability
blocking the channels for intercalation/deintercalation, causing the abrupt capacity fade
and battery failure.
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Figure 4.16- Comparison of Fresh vs. Cycled graphite anodes. (a) SEM Fresh anode. (b)
Detailed deposited region Fresh anode. (c) SEM Cell 3 anode. (d) Detailed deposited
region Cell 3 anode.

Similarly, as in cathodes for the EDS analysis, the highest differences in the anodes
were encountered between Cell 3 and the Fresh electrodes. The deposited and nondeposited regions were selected at different points throughout the Fresh and Cell 3 samples,
to understand the elemental composition evolution of O and C using EDS.
Figure 4.17a and 4.17b show the regions selected from the Fresh and Cell 3 anodes.
EDS mapping results are shown Figure 4.17c and Figure 4.17d for the Fresh and Cell 3
respectively, where the green regions represent the O concentration, and the purple regions
represent the C concentration. For the Fresh electrode, the C regions are present mainly
near the crack areas and the O is slightly spread across the image. For the Cell 3, the C is
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observed practically everywhere but the deposited lithiated areas, meaning graphite/carbon
non-deposited areas are exposed. More importantly, the intensity of the green regions is
greater in Figure 4.17d than in 4.17c, relating qualitative that the O presence is higher for
Cell 3 in the Li2CO3 regions.

Figure 4.17- SEM+ EDS images for Fresh and Cell 3 cycled anodes. (a) SEM Fresh
anode. (b) SEM Cell 3 anode. (c) EDS Fresh anode. (d) EDS Cell 3 anode.

To relate the qualitative analysis results, the quantitative data from the EDS analysis
results for the C and O weight and atomic percentage in selected areas and points were
analyzed. For the cathodes, samples from Cell 3 and Fresh were analyzed and compared.
The analysis elucidated the different weight and atomic element percentages, for which
results are shown in Figure 4.18. Where the bars represent the weight percentage, and the
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points represent the atomic percentage. The analysis shows that there is no statistically
significant difference between the two electrodes main elemental components (C, O and
Co) after several cycles, relating to the different characterization results shown in previous
techniques.

Figure 4.18-EDS average results from mass and atomic weight percentages of Carbon
(C), Oxygen (O), and Cobalt (Co) elements on Fresh and Cell 3 cathode electrodes.
For the anodes, C and O were selected as the main comparison elements. The entire
cycled stack was compared to the fresh electrode, and the weight and atomic percentages
were obtained. Figure 4.19 shows the average results from the different points at selected
non-deposited (Figure 4.19a) and deposited regions (Figure 4.19b), where the bars
represent the weight percentage, and the points represent the atomic percentage.
Figure 4.19a shows how the average C and O weight and atomic percentages changes
from the Fresh to the cycled electrodes in the non-deposited regions. However, between
the cycled cells there is not a representative change on either percentage. Meaning that
these regions maintain their composition rather unchanged through cycling. Moreover, for
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Figure 4.19b there is a clear tendency of O increase and C decrease both in weight and
atomic percentages, as the cells are towards the middle of the stack. This tendency connects
the plated deposited regions to an increase of O percentage, which is greater for Cell 3
where cycling temperature was higher than the rest of the stack. Finally, the average atomic
percentages in Cell 3 for C are 32.6% and for O is 59.3%, which almost double the amount
and can be correlated with the presence lithium plating through Li2CO3.

Figure 4.19-EDS average results from mass weight and atomic weight percentages of
Carbon (C) and Oxygen (O) on anodes. (a) Average of selected black regions in anode
samples. (b) Average of selected white regions in anode samples.
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The formation of Li2CO3 phases in the higher temperature cycled graphite anodes
that is related to Li plating can be counter intuitive at first, but different explanations found
in literature explain this phenomenon. Initially cycled batteries tend to exhibit linear SEI
growth, after several cycles the batteries start to present blockage in the electrode
porosity74, once reached a certain point Li plating starts to appear at the same time SEI
formation thickens as proposed in Hein et al198. This process is exacerbated with non-linear
aging that helps accelerate further unwanted side reactions from the Li content in the
electrolyte/electrode interface making it more acute near the separator/electrode
interface56. By changing the SEI growth into a nonlinear pattern, as well as through local
temperature and diffusion inhomogeneities within each electrode sheet, conditions become
favorable for Li plating even at moderate to high temperatures30,56,199. This phenomenon
has been also studied and shown in literature for graphite anodes with elevated C rates at
the end of the life cycle72. These variables affect the anode such that even for high
temperature cycling Li plating can be observed197.
All the mechanisms noted above lead to the conclusion that the failure mode on the
analyzed batteries derives mainly from the anode degradation. This anode degradation is
likely initiated as early as the formation cycling process, which appears to yield uneven
SEI regions. These regions create conditions favorable to plating later in the cycle life of
the cells. Thus, it is shown that through post-mortem characterization techniques, the
connection between mesoscale microstructural changes of the electrodes and failure on the
batteries electrochemical performance can be elucidated.
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CHAPTER 5

5. METAL ALLOY ANODES

“Each metal has a certain power…
of setting the electric fluid in motion”
- Alessandro Volta

Alloy anodes are being developed as a strategy for addressing cycle life and capacity
loss challenges, where several possible components and combinations may yield a highcapacity solution. The active/inactive alloy Cu6Sn5 was chosen to be analyzed due to its
capacity to obtain an enhanced electrochemical behavior compared to the precursor
elements78,200 while mitigating the effects of volume expansion to improve cycle life13,78.
As stated in section 2.2.1. this alloy active material provides the combination of high
capacity of Sn controlled by a Cu supportive matrix that restrains extreme volumetric
expansion associated with the lithiation of Sn66,78.
Chapter 5 will show the different work applied by the author in the analysis of alloy
anodes, specifically in the characterization of Cu6Sn5 electrodes. Studies presented in this
chapter are based on ex situ and in operando X-ray imaging methods, including nanoscale
image-based XANES analysis. This advanced X-ray technique shows higher resolution
images that can be used to analyze the main particles and supplementary phases of the
analyzed electrodes, as well as capability to discern the chemical composition of the
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anodes. Main disadvantage of this technique is the lack of bulk analysis or crystal structure
determination of the alloyed metal anodes.
Section 5.1. contains original contributions made to the work published by JuarezRobles et al43, where PSD characterization and analysis on µCT images from 70:20:10 and
80:10:10 (AM:CA:B) composition cycled composite Cu6Sn5 electrodes. Furthermore, the
work presented in section 5.2. contains original contributions made by the author to the
work published by Ausderau et al 44. Here ex situ nano-scale XANES analysis is performed
on different Cu6Sn5 samples, previously cycled and held at specific voltage plateau levels,
to obtain different side phases reference spectra, the results shown capability of the method
to identify intermediate lithiation phases using XANES capabilities. Finally, the work
presented in section 5.3. was done by the author
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, and uses the reference spectra from

section 5.2 to perform an in situ nano-scale XANES analysis using Cu6Sn5 half cells. Where
not only the evolution of the electrode’s microstructural degradation is observed, but also
the different side phases are shown while holding the cycling at reference plateau levels.

5.1. Composite Electrode Studies
In practical, liquid-based LIBs composite electrodes containing an active material,
conductive additive, and binder are a standard approach. It is therefore relevant to study
material performance in this format. To this end, composite copper-tin electrodes were
prepared with Cu6Sn5 alloy as the active material (AM). Carbon black (Timcal) used as
conductive additive (CA). Polyvinylidenefluoride (PVDF, Sigma-Aldrich) as the binder
solution. These powder elements were mixed together using N-methyl-2-pyrrolidone
(NMP,Sigma-Aldrich) in a 1:10 wt% ratio. The ratios prepared were 70:20:10 and
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80:10:10. The preparation details for the composite electrode can be found in JuarezRobles et al43. The preparation is summarized here for reference. First, the dry powders,
super C65, and Cu6Sn5 were mixed in a mortar and pestle until a uniform mixture was
obtained. The mixture was transferred to a stirring tube device (IKA) with the binder
solution and 16 glass balls. The AM, CB, and PVDF were then mixed for 30 min. The
slurry was poured and then cast onto the dull side of a copper sheet substrate (9μm thick,
MTI) previously cleaned with acetone and isopropanol. The film applicator (Elcometer)
with a doctor blade set to 200μm thick was used to cast the slurry on the substrate. The
electrode was dried in an oven (MTI) at 70 °C for 12 hours, yielding an average dry
electrode thickness of 46µm.
To better understand the coupling of microstructural changes and cycling for the Cu6Sn5
anode active material, an X-ray microtomography (μCT) study was performed with Cu6Sn5
composite electrodes as the working electrode in half-cells with Li metal as the counter
electrode. Samples were extracted from pristine and cycled composite electrodes after five
cycles after being discharged at the corresponding cutoff voltage. In total, samples from
six electrodes were examined. These samples corresponded to pristine and cycled
electrodes of each composition (70:20:10 and 80:10:10). Two cut-off voltages were
applied, 0.0 and 0.2V vs Li/Li+.
After cycling, the half-cells were disassembled in a controlled atmosphere glovebox.
Samples were cut from these coin cell electrodes and sealed between two pieces of Kapton
tape. The samples did receive some exposure to the external atmosphere during transit and
processing for μCT studies. However, a comparison of chemical and structural
characteristics for samples exposed to ambient conditions and those strictly handled under
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inert atmosphere have shown no significant differences44. Synchrotron-based μCT was
performed on samples extracted from the composite electrodes at a resolution of 1.3 μm
(0.65 μm pixel size) using beamline 2-BM-A at the Argonne National Laboratory
Advanced Photon Source (APS). The μCT scans were performed in white beam mode with
an exposure time of 50 ms per projection image. Each tomographic scan contained 1500
projection images equally spaced over 180° of rotation.
The projection image data were reconstructed using the TomoPy software developed by
APS201. First, an appropriate center for each sample was determined by reconstructing a
central slice of the tomogram with a series of test center. The sample centers were selected
based on visual inspection and the minimization of fan artifacts in the test reconstructions.
Once the sample centers were found, regions (175.5μm thick) were reconstructed for each
sample. These regions corresponded to 270 vertical slices within the 3D image. During
reconstruction, stripe removal202 and phase retrieval203 of phase contrast data were
performed. After reconstruction, the images were segmented and analyzed using Grayscale
and Histogram guided analysis shown in sections 3.4.1 and 3.4.2 using the Cu as reference,
from which the D50 value for the average particle size was found as shown in Table 5.1.
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Table 5.1- Sample set Overview for X-ray Microtomography Tests and Microstructural
Analysis
Sample

Composition

Lower Cut-

D50 solid

D50 (μm)

Number

(AM:CB:PVDF)

Off Voltage

(μm)

Pore/Carbon/Binder

1

70:20:10

0.0V vs Li/Li+

2.82

17.36

2

70:20:10

0.2V vs Li/Li+

3.32

14.29

3

70:20:10

Uncycled

3.78

11.82

4

80:10:10

0.0V vs Li/Li+

2.51

10.07

5

80:10:10

0.2V vs Li/Li+

2.85

8.86

6

80:10:10

Uncycled

2.88

8.44

For the μCT data, particle fracture and likely segregation of Cu and Sn can be seen in
Figure 5.1. The sample images show significant disintegration of particles in the 70:20:10
electrode (Figure 5.1a) and clear examples of particle fracture in other cycled electrodes,
as seen in the center right-hand image of Figure 5.1d,e. Furthermore, several particles with
gray values within the same range to the Cu current collector are also clear in Figure
5.1b−d, suggesting the expulsion of Cu or the presence of intermediate products (Li2CuSn).
The grayscale variation in proximity to fractures seen on the right area on Figure 5.1b,e
mirrors the behavior seen in nanoscale XANES data, where phase segregation of Cu 6Sn5,
Cu, and Li2CuSn was observed near the fractures44.
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Figure 5.1-(a−f) Representative cross sections from the composite Cu6Sn5 electrode
samples with (AM:CB:PVDF) composition (a−c) 70:20:10 and (d−f) 80:10:10. Cycling
conditions for each pair of cross sections are (a, d) cycled between [0.0, 1.5] V vs Li/Li+,
(b, e) cycled between [0.2, 1.5] V vs Li/Li+, and (c, f) uncycled. Electrodes were
analyzed in a discharged condition at their corresponding lower cutoff voltage. Scale bar
at the lower right represents 25μm and applies to all images44.
The continuous PSD of the regions between the active material particles was also
calculated to determine the representative sizes of the pore/carbon/binder regions of the
samples. Segmentation was performed to separate Cu, Cu6Sn5, and Sn from other solid
phases (i.e., lithiated products with lower attenuation), and the pore/carbon/binder regions
and the continuous phase size distributions of these regions were calculated using the
methods of Münch and Holzer explained in 3.4.4 185. The results of this analysis are shown
in Figure 5.2. The composite electrodes with the 70:20:10 formulation show progressive
size reduction in the active materials when cycled to lower voltages (Figure 5.2). The
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80:10:10 composition shows a slight change upon cycling when comparing the size
distributions of particles.
Analyzing the Cu, Cu6Sn5, and Sn solid phases from Figure 5.2a,c at the uncycled stage,
larger particles can be seen in the higher ranges of the size distribution. As the cycling
process advances, these particles appear to break up in the higher voltage window. Particles
with sizes below 2μm do not present any substantial change due to resolution limits. Higher
resolution imaging would be needed to observe changes below this scale. Less change in
the particle size is seen for the higher active material composition, with a slight shift in the
PSD below 4μm in the higher voltage window. As Cu6Sn5 converts to Li2CuSn in the upper
voltage, window expansion and fracture begin to dissociate the larger particles, creating
smaller ones, which do not recover to the initial geometry, and shifting the overall PSD
toward smaller sizes. Full lithiation of tin to Li4.4Sn in the 0.0−1.5 V vs Li/Li+ acts to
reduce the PSD of both formulations, with a slightly greater reduction for the 70:20:10
composition.
A phenomenon that may relate the expansion and active material particle size reduction
to the observed electrochemical behavior is the loss of accessible surface area. An increased
variation in the particle size for the 70:20:10 composition suggests that accessible electrode
capacity is retained in those electrodes (Figure 5.2a), permitting a greater change in the
structure. Conversely, lack of variation in the particle size for the 80:10:10 case suggests
that microstructural changes due to expansion during lithiation/delithiation have reached a
limited point with respect to accessible capacity of the electrode (Figure 5.2c).
For the pore/carbon/binder regions on both formulations, transport may be inhibited by
the initial active material expansion and the matrix space available for material expansion,
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also contributing to performance degradation. This observation can be explained by
considering that in the 80:10:10 formulation, the pore/carbon/binder regions exhibit a
smaller change relative to the 70:20:10 formulation, likely due to the availability of more
carbon in the supporting matrix, allowing a greater degree of expansion for the 70:20:10
composition (Figure 5.2b,d).
It is also important to note that the open regions between the higher attenuating Cu,
Cu6Sn5, and Sn particles in the cycled sample may contain lower attenuating phases such
as reaction products that have not been dealloyed and active materials pulverized below
the 1.3μm resolution of the measurement. This observation suggests that a reduced
capability for strain accommodation and increased mechanical interaction between the
active material particles reduces the 80:10:10 electrode performance and extends the
cycling lifetime.

Figure 5.2- Normalized pore size distribution volume fraction for Cu6Sn5 and Cu
particles (in μm) for the 70:20:10 composition (b) Volume fraction for pore/carbon/binder
phase size (in μm) for the 70:20:10 composition. (c) Normalized pore size distribution
volume fraction for Cu6Sn5 and Cu particles (in μm) for the 80:10:10 composition. (d)
Volume fraction for pore/carbon/binder phase size (in μm) for the 80:10:10
composition43.
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Particle size histograms and sphericity data for the pristine and cycled electrodes are
shown in Figure 5.3. The 70:20:10 composition is shown in Figure 5.3a,c,e, while the
80:10:10 data is shown in Figure 5.3b,d,f. Pristine sample data is shown in Figure 5.3a,b.
Data for electrodes cycled down to 0.2 V vs Li/Li+ is shown in Figure 5.3c,d. Data for
electrodes cycled down to 0 V vs Li/Li+ is shown in Figure 5.3e,f. Increased counts at
smaller particle sizes suggests the pulverization of active materials for both compositions,
but a more substantial loss of large particles with low sphericity is seen in the 80:10:10 full
lithiation.
In operando cycling data of Sn electrodes suggests that highly convex regions serve
as stress concentrators during lithiation and expansion204–206. Such regions may be
associated with sharper, lower sphericity particles like those seen in the uncycled 80:10:10
cross sections in Figure 5.3f. The corresponding sphericity data in Figure 5.3b further
demonstrates the presence of such particles. The absence of low sphericity particles in
Figure 5.3f suggests an increased influence of mechanical degradation in the 80:10:10
structure.
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Figure 5.3- (a−f)Particle size histograms and sphericity (inset) for the Cu, Cu6Sn5, and
Sn particle regions in (a, b) uncycled electrodes, (c,d) electrodes cycled between 0.2 and
1.5 V vs Li/Li+, and (e, f) electrodes cycled between 0.0 and 1.5 V vs Li/Li+. Data for the
70:20:10 composition is given in (a), (c), and (e). Data for the 80:10:10 composition is
given in (b), (d), and (f)43.

The evolution of specific surface area is shown in Figure 5.4. Here, a slight loss of
specific surface area is seen in the 70:20:10 case, with a consistent peak developing at a
consistent center around 0.9 μm−1. 80:10:10 samples show more of a shift in the maximum
specific surface area, with reduction starting with cycling in the 0.2 V vs Li/Li+ window.
A further shift is seen when cycling to 0 V, suggesting a progressive loss of active surface
area that could contribute to capacity fade.
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Figure 5.4- (a−f) Specific surface area for the Cu, Cu6Sn5, and Sn particle regions in (a,
b) uncycled electrodes, (c, d) electrodes cycled between 0.2 and 1.5 V vs Li/Li+, and (e,
f) electrodes cycled between 0.0 and 1.5 V vs Li/Li+. Data for 70:20:10 composition is
given in (a), (c), and (e). Data for the 80:10:10 composition is given in (b), (d), and (f)43.

These results demonstrate that absorption-based X-ray imaging methods may be used
to observe and quantify volume change and segregation of metals within alloy anodes and
assess attendant degradation mechanisms. This capability reveals several interesting
degradation mechanisms. Results from the PSD analysis suggests the pulverization of AM
for both compositions, with a more substantial loss of large particles with low sphericity is
observable in 80:10:10 composition at full lithiation. Also, an increased structural
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mechanical degradation in the 80:10:10 was observed, which is explained by the absence
of low sphericity particles. In addition, for the 70:20:10 it was observed a slight loss of
specific surface area that could be related to the overall capacity fade. While μCT proves
useful through these insights, knowledge of degradation mechanisms can be expanded with
application of higher resolution imaging methods that are sensitive to chemical
composition.

5.2. Ex Situ XANES
During lithiation and delithiation Cu6Sn5 presents distinct phases, depending upon the
voltage12. For lithiation two distinct reduction voltage plateaus vs. Li/Li+ define the main
points of interest because during these transitions the chemical and morphological changes
in the microstructure are more distinguishable. The first reduction in the reaction is shown
near the voltage window of 0.4 V vs Li/Li+, and it manifests as a partial lithiation of the
material as shown in Equation 5.1.

10 Li + Cu6Sn5 → 5 Li2CuSn + Cu

(5.1)

A second plateau occurs below 0.2 V mainly near 0 V. In this case, a full lithiation of
Cu6Sn5 occurs, and it usually shows Cu expelled from the alloy. A full lithiation of Sn is
generally present at this level as shown in Equation 5.2.

12 Li + 5 Li2CuSn → 5 Li4.4Sn + 5 Cu
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(5.2)

The previous redox equations are important to understand the side phases that were
aimed to observe using XANES analysis, which was accomplished yielding absorption
spectra for Cu, Cu6Sn5, and Li2CuSn. Analyses based on these spectra were performed on
samples extracted from cycled electrodes, providing assessment chemical composition in
Cu-containing phases. Edge jump behavior in the cycled electrodes suggests the presence
of regions without Cu, an observation supported by phase segregation mechanisms
reported in the literature.
To produce a lithiated copper (Li2CuSn) reference spectrum a similar approach was
applied to a sample extracted from a partially lithiated sample cycled to 0.2 V vs Li/Li+ and
held for ~15 h. This sample was expected to contain primarily Li2CuSn and was handled
in an argon filled glove box (Airgas, 99.999% pure) with ~1 ppm H2O.
Subsequent X-ray absorption near edge structure spectroscopy (XANES) imaging was
performed yielding absorption spectra for Cu, Cu6Sn5, and Li2CuSn. Analyses based on
these spectra were performed on two-dimensional (2D) images of samples from cycled
electrodes to assess chemical composition in Cu-containing phases. The capability to
distinguish the different materials within mixed samples suggests that microstructure and
composition changes resulting from lithiation and delithiation in Cu6Sn5, are expected to
be applicable to other intermetallic conversion alloy electrodes as shown in Figure 5.5. The
absorption spectra data was gathered at APS beamline 32-ID-C, which later on was
compared against previous spectra results for Cu, Cu6Sn5, and Li2CuSn obtained by
Ausderau et al6 shown in section 5.1. The spectroscopic analysis and comparison of the
XANES imaging data was performed using TXM Wizard29, which is shown in Figure 5.5.
The difference between Cu and Cu6Sn5 is subtle because bronzes (Cu-Sn alloys) present
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similar spectra as pure Cu, indicating that for these alloys there are no chemical shifts30. A
distinguishing feature observed in the pre-edge spectra for Cu is associated with a 1s → 4p
transition, indicating a Cu (I) compound6, 31. Ex situ XANES data from active material
extracted from a composite electrode cycled between 0.2 and 1.5 V and imaged in prior
studies have been added here for reference. Minor discrepancies between the spectra for
the cycled electrodes are expected to be the result of possible exposure of the composite
electrode to air during transport. However, the inset phase maps of regions of interest
containing a significant amount of active material clearly identify Li2CuSn regions.
Analysis of the in operando 2D XANES data was performed on the electrode for the
varying voltage levels (0.2 V, 0 V, and 1.5 V) using TXM Wizard.29 This analysis yielded
the maps of the distribution of the Cu, Cu6Sn5, and Li2CuSn in the active material particles
during the cycling process.

Figure 5.5- XANES spectra for Cu, Cu6Sn5, and Li2CuSn show distinct absorption
behavior, most notably for the lithiated ternary alloy. Magnified regions of interest with
background subtraction are shown in red and blue frames. Colored regions indicate the
location of Cu (red), Cu6Sn5 (green), and Li2CuSn (blue). Variation in Cu (black line) and
Cu6Sn5 (red line) spectra is subtle26,27,37,60
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After obtaining distinct absorption spectra from the Cu, Cu6Sn5, and Li2CuSn samples,
mapping of the regions containing these materials was performed on the 2D XANES
images from partially lithiated and fully lithiated electrodes. Here, results are presented for
one sample lithiated to 0.2 V versus Li/Li+ and one sample lithiated to 0 V versus Li/Li+.
The distribution of Cu, Cu6Sn5, and expected Li2CuSn are shown in Figure 5.6 for a sample
lithiated to 0 V versus Li/Li+. The presence of the Cu (red), Cu6Sn5 (green) and Li2CuSn
(blue) can be differentiated by visual inspection. Moreover, there are substantial gray
regions containing no discernible Cu, which suggests the presence of Li4.4Sn, Sn, or other
copper-free compounds. In this electrode, there are still significant regions of unreacted
Cu6Sn5 and Li2CuSn alongside fully lithiated Sn and Cu that has been expelled after
lithiation. The presence of Cu and Cu6Sn5 is observed in proximity to fractured regions of
the sample (Figure 5.6b and 5.6c). The average bulk percentage of the compounds present
in the colored regions of this sample are shown in Table 5.3. The mean square sum of the
error at each data point is low (R< 2%), suggesting a strong fit to the spectra produced from
the reference samples. The quality of this fit demonstrates the capability to map the
chemical composition in these alloy electrodes and observe the segregation of metals
during cycling of alloy anode materials.

Table 5.2- Comparison between bulk percentage of Cu containing compounds observed
in Cu6Sn5 lithiated to 0.2V versus Li/Li+ and 0V versus Li/Li+.
Cu (%)

Cu6Sn5 (%)

Li2CuSn (%)

R-factor (%)

Hold at 0.2V vs Li/Li+

70:20:10

0.0V vs Li/Li+

2.82

17.36

Hold at 0V vs Li/Li+

70:20:10

0.2V vs Li/Li+

3.32

14.29

Cu6Sn5 Sample Voltages
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Figure 5.6- (a) Phase map for Cu6Sn5 lithiated to 0 V versus Li/Li+ shows a mixture of
regions responsive and unresponsive for 2D XANES analysis. Cu, Cu6Sn5, and Li2CuSn
are all observed with a substantial presence of Li2CuSn. Comparing the raw absorption
image (b) to the phase map (c) for Cu6Sn5 lithiated to 0 V versus Li/Li+ reveals Cu and
Cu6Sn5regions in proximity to a fracture in the active material. Scale bar is 3µm44.
These results showed the accuracy and capability to obtain precise elemental and
chemical mapping areas for different side phase alloy compositions. This analysis
capability and obtained spectra will be used in the next section to characterize these type
of alloy anodes while in operando, in order to observe their microstructural and chemical
evolution through the different voltage plateaus to further elucidate their degrdadtion
mechanisms.
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5.3. In Operando XANES
Observation of different side phases in cycled electrodes against their pristine form,
gives essential information to understand their microstructural and chemical evolution to
different cycling conditions as presented in section 5.2. However, this approach only shows
two snapshots of beginning and end of the electrode’s condition. Interaction and dynamic
evolution of the microstructure lacks with this approach. Therefore, to better elucidate the
mechanisms associated to the electrode’s microstructural changes, the capability to monitor
phase transitions and how these occur through cycling can be achieved through in operando
XANES. To observe the different Cu6Sn5 phase transitions while cycling, 2D XANES
imaging scans were acquired during different voltage holds. In addition to the chemical
changes noted, microstructural change is observed for the alloy active material as shown
in Figure 5.7.
The pristine image shows the overall group of active material particles before cycling.
Several dynamic behaviors are seen during cycling, most notably particle disintegration
(red arrows) and motion (yellow arrows). Starting lithiation down to 0.2V, the active
particles start to break and expand from the initial state. This behavior continues when
reaching full lithiation of Sn at 0V in the alloy. While delithiating and then holding at 1.5V
the electrode degradation intensifies. An increase in particle expansion and fractured
regions is seen throughout the samples. The movement of particles during these processes
suggests that, in addition to microstructural change on the particle level, the networks
supporting transport of mass and charge evolve during cycling. Interaction between the
Cu6Sn5 active material and supporting phases have been observed in X-ray
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microtomography data and may contribute to dependence of degradation on composite
electrode composition44.
Dependence of degradation on composition has also been noted for Si anodes, which
display significant volume expansion79,81,82. Interactions between the AM and supporting
phases merit consideration when optimizing electrode composition for these high capacity,
high volume expansion active materials.

Figure 5.7- Main microstructural changes during the cycling process below and above of
Cu K-edge, showing dynamic mechanical behavior of the particles: disintegration (red
arrows) and motion (yellow arrows). Adapted from Gonzalez Malabet et al 31.

Representative XANES spectra from Cu, Cu6Sn5, and Li2CuSn obtained in prior ex-situ
studies from 5.1.2. were applied to create in operando phase maps for the active material
particles. Cycling data and the related phase maps are shown in Figure 5.8. Cycling was
performed at an initially lower rate (C/2) and increased to achieve a second lithiation step

131

prior to beam maintenance. For the stage of lithiation held at 0.2V (Figures 5.8b–5.8d) the
active material particles show an increasing appearance of Li2CuSn (blue).
The expansion and fracture of the particles form new reactive surface area, which would
have remained inaccessible to lithium interaction in the absence of particle disintegration.
This new surface area increases the active area during cycling and the continued formation
of the above-mentioned lithiated phases. However, it also contributes to lost Li inventory
from new SEI formation.
Continuing with the lithiation and holding at 0V, the development of Cu regions (red) is
clearly observed. Particularly, Cu regions appear near the borders and in regions near
fractures, in agreement with prior imaging results from section 5.1.2. While holding at 0V,
further disintegration of the active material keeps exposing the new active surface area.
Although at this voltage level expelled Cu should be more predominant, traces of Li2CuSn
can still be seen in the particles (Figure 5.8e). The slower formation of Cu and persistence
of Li2CuSn results from the slow and uneven Li diffusion process in the particles.
Finally, the delithiation process in Figures 5.8g–5.8i shows the progression of lithium
extraction from the particles. The Li2CuSn phase is gradually converted to Cu and Cu6Sn5
regions. Smaller regions at the border of the particles show the remaining presence of either
Cu or Li2CuSn phases. Additionally, when comparing Figures 5.8b and 5.8b, mechanical
degradation and expansion of the particles are distinguishable. There are fewer regions that
respond to variation in the X-ray energy as indicated by the gray background area.
Continued separation of particles is also seen. Delithiation to 1.5V followed by a constant
voltage hold reveals regions of unreacted Cu6Sn5 and the possible reformation of Cu6Sn5,
which has been noted in the literature12,43,90. However, there were difficulties in separating
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the expelled Cu from Cu6Sn5 at 1.5V, and these two phases could not be clearly
distinguished with appropriate tolerance after reaching full delithiation. This error was not
observed in the other chemical mapping results and is expected to result from the similarity
of the Cu and Cu6Sn5 spectra combined with the 2D nature of the images. Furthermore,
expelled Cu, unreacted or reformed Cu6Sn5 , and delithiated Sn may exist in close proximity
within the delithiated sample and are likely distributed along the beam path, confounding
the Cu and Cu6Sn5 signals. This limitation underscores the need for 3D spectroscopic
imaging in alloy electrodes.
The capability to successfully perform in operando XANES has also been demonstrated.
The chemical mapping from lithiation and delithiation processes of Cu6Sn5 alloy anodes in
a pouch cell format showed the evolution of different side phases at their respective voltage
plateaus. Further observation of microstructural evolution shown through Figure 5.8
concurs with the characteristic mechanical degradation of Sn microparticles200. The ability
to observe evolution in both microstructural and chemical evolution from XANES analysis
can be applied to other type of electrodes and further understand the underlaying evolution
of microstructural behavior.
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Figure 5.8- (a) Galvanostatic cycling curve and phase maps based on XANES spectra for
the indicated voltage plateaus: (b), (c) and (d) 0.2V; (e) and (f) 0V; (g), (h) and (i) 1.5V.
All scale bars are 5μm. Adapted from Gonzalez Malabet et al 31.
Both ex situ and in operando XANES analysis techniques have been demonstrated.
Particle breakage and dissolution of the main particles, paired with the expansion of the
supplementary phases, show how interaction of two different simultaneous degradation
mechanisms promotes the capacity decay for these types of electrodes. Finally, the ability
to obtain precise elemental chemical mapping areas for different side phase alloy
compositions using next generation X-ray technology is proven.
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CHAPTER 6

6. LOW COBALT CATHODE DEGRADATION

“It is the time you have wasted for your rose
that makes your rose so important.”
- Antoine de Saint-Exupéry, The Little Prince

Low cobalt cathode half-cell batteries were manufactured and tested under combination
of high cut-off voltage (4.3V), low cut-off voltage (4.0V), high temperature (60⁰C), and
low temperature (25⁰C). The combination of factors was established using a factorial
design of experiment with High (H) and Low (L) levels, with the Upper Cut-Off Voltage
(UCV) and Temperature (T) variables. The different combinations of variables analyzed in
this chapter (4.0V+LT, 4.3V+LT, 4.0V+HT, and 4.3V+HT) are presented in an analysis
matrix (Table A1). After acquiring the cycling and electrochemical test results, further
analysis revealed the main factors affecting cathode performance degradation.

6.1. Cycling and Electrochemical Characterization
Prior to cycling and electrochemical characterization, all batteries after assembly were
subject to an initial SEI formation cycle shown in Table 6.1. Initially the batteries were left
1 hour in an Open Circuit Voltage (OCV) where no current is applied to them, after that a
constant C/20 current was applied throughout the rest of the protocol, first charge was
applied up to an upper UCV of 4.0V, once reached the voltage was held for 2 hours or until
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current was less than C/20, followed up to a discharge step down to 3.2V, and finally ending
again on a charge step to 4.0V and hold for 2 hours. After this formation cycle, batteries
were connected to the potentiostat to perform initial EIS studies. Following EIS the cells
were either cycled with CV protocol or cycled using the incremental charging protocol.
Table 6.1- Cycling formation protocol steps for NMC half-cells
Step

Action

1
2
3
4
5
6

Rest
Charge
Hold
Discharge
Charge
Hold

6.1.1.

Voltage Range
(V)
OCV
[OCV - 4.0]
4.0
[4.0 - 3.2]
[3.2 - 4.0]
4.0

Constant
C-Rate
0
C/20
Until <C/20
C/20
C/20
Until <C/20

Time Elapsed
(hours)
1
20
≤2
20
20
≤2

Cycling Studies

Cycling studies were done with an incremental C-rate cycling protocol, the lower cutoff voltage window was always 3.0V while the UCV variated depending of the High (4.3V)
or Low (4.0V) condition. Initially the batteries were left 1 hour at OCV, after that a constant
C/10 charge current was applied up to the UCV, once reached the voltage was held for 2
hours or until current was less than C/20. This voltage hold was followed by a discharge
step down to 3.0V. This loop was repeated 5 more times before stepping up to the next CRate. An example for the initial loop is shown in Table 6.2. The same charge and discharge
loop was maintained, skipping the initial OCV period, with increasing C-rates of C/10, C/5,
C/2, and then cycled back again to C/10 cycles.
All of the abovementioned cycles were repeated 5 times each for a total of 25 cycles.
After completing the protocol, EIS and CV was performed on each battery to access their
electrochemical conditions. These results are explained and presented in Section 6.1.2.
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Table 6.2- Incremental cycling protocol steps for NMC half-cells. C/10 loop is presented.
Incremental C-rates (C/10, C/5, C/2) are applied using the same protocol.
Step

Action

1
2

Rest
Charge

3
4
5
6
7

Voltage Range
(V)
OCV
[OCV - UCV]

C-Rate

Time Elapsed
(hours)
1
10

0
C/10
Until
Hold
UCV
≤2
<C/20
Discharge
[UCV - 3.0]
C/10
10
Charge
[3.0 - UCV]
C/10
10
Until
Hold
UCV
≤2
<C/20
Go Back to Step 2 until count equals 5 cycles

On this protocol, even though the C-rates are incremental they do not exceed C/2
rates to prevent entering into the fast charging region, which adds more stress to the Li
metal anode rather than the cathode197,207. Presence of Li plating and dendrites are expected
in the Li metal anode, mainly due to its reactive nature. Hence, the capacity fade is mainly
attributable to the anode on all the experiments. Nevertheless, choosing a Li foil as anode
maintains a continuous pool of available Li for cycling, and will help to focus on the main
degradation mechanisms of the NMC electrode. Moreover, results of the cycling of these
half-cells are shown in sections 6.1.1.i. and 6.1.1.ii. to help establish the connection
between capacity fade and cathode microstructural degradation.

6.1.1.i. GCPL Analysis
For the different cycling cases, there is a notable capacity fade throughout the
combinations of operating parameters. A summary of most representative cases for each
cycling condition are shown in this section, where mainly the capacity retention (%) vs
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number of cycles (Figure 6.1) will be our main point of comparison to observe the capacity
fade for each case through the cycling.
As observed in Figure 6.1 all the different cycling conditions are summarized,
where the capacity retention percentage is shown for all different cycling conditions for
representative samples. It can be observed that the highest retention with values around
75% are found for the LT cases from Figure 6.a,b, even though this is a low capacity
retention compared to commercial LIB, the values for these capacity retentions are
downgraded by the use of the Li metal anode, which highly reactive nature pulls down the
overall efficiency of the battery. Moreover, Figure 6.1c,d shows both of the electrodes
cycled at HT, as it can be seen these batteries fail considerable just after a few cycles, which
back again is related to the anode, nevertheless this fact does not necessary mean that the
cathode integrity suffered the same conditions as the anode, hence further assessment is
required to properly elucidate the state of these electrodes.
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Figure 6.1-Overview of the Capacity retention (%) vs Cycle number curves obtained
from the different condition cases. (a) 4.0V+LT, (b) 4.3V+LT, (c) 4.0V+HT, and (d)
4.3V+HT
Analysis of the capacity retention results throughout the cycles show how operating
at HT or higher UCV can drastically decrease the overall performance of the battery, where
the 4.0V+LT remained with the best capacity retention and the HT batteries fail abruptly
after a few cycles, even though 4.0V+HT should theoretically have better capacity
retention than the 4.3V+HT, the contribution of the anode degradation from this battery
could be causable for the lack of performance. The degradation mechanisms showed in the
literature are the main factors behind this performance, however different approaches need
to be done to fully understand the underlying degradation mechanisms for each case.
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6.1.1.ii.

dQ/dE Analysis

To visualize the remaining details in the voltage profile, incremental capacity
analysis was carried out using the GCPL data. The summary of the resulting differential
capacity (dQ/dE) plots are shown as functions of voltage potential in Figure 6.2. With the
analysis of these peaks, it will be possible to visualize the phase transition peaks related to
H1-M-H2-H3 structures discussed in section 2.2.2. and how they react under the different
proposed conditions. The dQ/dE curves from the cycled electrodes present noise in all of
the cases, which is expected from the level of degradation in some batteries and the highly
reactive nature of the Li metal as anode.
For the 4.3V UCV cases the 4.3V+HT in all of the cycled samples present the same
amount of noise which does not allow to make a clear analysis out the results. However,
for the 4.3+LT from Figure 6.2b can be analyzed showing peaks around 4.15V and 4.21V
vs Li+/Li, which are consistent with the transition from H2→H3 found in literature3
indicating a non-reversible reaction promoted

by the Li+ tetrahedral site hopping

mechanism discussed in section 2.2.2.i..
Moreover, for both the 4.0V cases the main transition peak from H1↔M is observed
near the 3.8V vs Li+/Li voltage. For the LT (Figure 6.2a) case the cell relatively maintains
the pattern showing reversibility in the cycling process that concurs with the capacity
retention shown previously in Figure 6.1a, but for the battery cycled at HT (Figure 6.2b)
the phase transition is found around the same potential, but it decays rapidly with cycling,
showing how HT affects the overall performance.
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Figure 6.2-Overview of the dQ/dE (mAh/V) vs Cycle number curves obtained from the
different condition cases. (a) 4.0V+LT, (b) 4.3V+LT, (c) 4.0V+HT, and (d) 4.3V+HT

More importantly, as shown above, the curves obtained from this analysis tend to be
susceptible to noise and sometimes are not smooth enough to observe the phase transition
peaks. Therefore, CV is applied to obtain with slower scan rates, which presents more
accurate data points to observe phase transitions in the analyzed electrodes.
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6.1.2.

Electrochemical Characterization

Electrochemical characterization was performed using CV and EIS techniques. EIS
was made before and after their increment cycling protocol. However, the CV technique
partially degrades the batteries. Therefore, to obtain the initial CV curves, an uncycled
battery was used in order to avoid further degradation. For the values obtained after the
tests, CV was applied after the incremental cycling protocol was finished.

6.1.2.i. CV Analysis
CV analysis was applied with scan steps of 0.1 mV/s, from vertex potentials from
3.0V up to 4.0V or 4.3V, where the recorded current was averaged over 10 voltage steps
through 5 repetitions. With these parameters it was able to obtain 867 datapoints per cycle
for a total of 3468 datapoints. This averaging helps mitigate noise issues observed the
differential capacity analysis.
Figure 6.3 and shows the characteristic CV curve for the pristine cathode cycled up
to 4.3V , which is used as comparison for all the initial peaks against the cycled ones. CV
data for 4.0V is not used for comparison since it lacks the H2→H3 transition peak found
at voltage potentials above 4.15V. Moreover, analyzing Figure 6.3 the characteristics
transition phase peaks can be observed from the pristine sample cycled up to 4.3V. In the
case shown, all the main peaks are observable but vary slightly on the position from
literature118. This variation can be attributable to variations in the cathode composition
(AM:CA:B) or cell assembly differences. The main phase transition peaks are found
around 3.8V, 4.1V, and 4.25V vs Li+/Li, which are correlated to the transition phases from
H1→M, M→H2, and H2→H3, respectively. It is also worth noting that there is full
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reversibility in all of the phase transitions through the redox process, which is desired to
guarantee LIB rechargeability. It is important to note, that some of the transitions between
phases might still be happening in the electrodes but will be only visible while scanning at
slower scan rates. However, for a consistent comparison between cycling conditions, the
same scan rate is applied to ascertain the degradation effects in the resulting
voltammograms.

Figure 6.3- CV curve from a Pristine sample cycled to 4.3V. Characteristic phase
transition peaks are observed near 3.8V (H1→M), 4.1V (M→H2), and 4.25V(H1→H2)
vs Li+/Li voltage potentials. Reversibility is shown in the reduction half-cycle (bottom of
graph), where it is shown the electrode’s capacity to reverse to its original crystal
structure.
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With the main peaks of phase transition from the pristine samples characterized,
they can be compared against the response of the cycled cathodes. Figure 6.4 shows the
CV curve comparisons of representative electrodes cycled under 4.0V+LT (Figure 6.4a),
4.3V+LT (Figure 6.4b), 4.0V+HT (Figure 6.4c), and 4.3V+HT (Figure 6.4d) conditions.
At a first glance we can observe that all the curves change their shape compared to the
pristine reference, with the 4.0V combinations maintaining their H1↔M transition peaks.
Moreover, for the 4.3V+LT elongates the most, and slightly maintains the phase transitions
of H1↔M and H2↔H3 that translates in higher degradation compared to the lower UCV.
Even thought for all HT conditions noise is present in the graphics similar to the ones found
in the dQ/dE analysis, it is important to note that the overall current signal is drastically
reduced, especially for the 4.3V+HT condition. Placing the graphs on the same y-axis scale
as the other plots, we would have flat line representing the lack of transition phases through
the intercalation/deintercalation for these batteries. This condition can be explained due to
different degradation mechanisms manifesting at higher temperatures, related to diffusive
resistance, that may contribute to noise acquired in the current signal.
Better understanding of the internal resistances related to this noise will be clarified
using the EIS characterization. This shows that for HT conditions the diffusion mechanisms
hinders the intercalation/deintercalation, which could be explained by the potential
clogging from the rock-salt phases or electrolyte degradation, which hinders Li+ ions
transport through the porous network as explained in section 2.2.2.ii. Still, the sudden
capacity fade found under the HT conditions cannot be explained solely for the
abovementioned factors. Hence further characterization will be presented in the following
sections to fully understand the underlying mechanisms affecting the electrodes.
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Figure 6.4-CV curves comparisons of representative electrodes cycled under (a)
4.0V+LT, (b) 4.3V+LT, (c) 4.0V+HT, and (d) 4.3V+HT conditions.

The drop in the number of peaks seen in the CV data translate to cathode
degradation, which cannot achieve the same initial first-order phases translated in the lack
of voltage peaks and change of the CV curve shape. The lost energy storage capacity
retention suggests the presence of microstructural and crystalline alteration. Moreover, the
CV results are a more trustworthy characterization technique than the dQ/dE analysis for
these types of cells. Showing how different characterization approaches can confirm the
main aspects that affect LIBs.
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6.1.2.ii.

EIS Analysis

EIS analysis was applied with same parameters as in Section 4.1. An equivalent
circuit diagram was used to obtain the Nyquist plots that was based on the same ones
applied in literature189,208,209, with Chi square values near ~0.02 indicating a good fit for
the equivalent model . The fit for the HT conditions had higher error values, which will be
explained further in this section. It is important to point out that the equivalent Nyquist
impedance plots are different from the ones in section 4.1., due to the half-cell nature of
the cycled batteries, but similar to the ones associated in literature173,210,211. The first semicircle associated to the surface resistance (Rsf) is minimal because of the initial high
availability of Li in the surface layer and system, while the second semi-circle related to
the charge transfer resistance (Rct) will be the main analyzed parameter related to the Li+
intercalation into the cathode.
The applied parameters guaranteed slow scans that obtained information for 0%,
20%, 40%, 60%, 80% and 100% on the battery SOC. By gathering data for each 1%
increment on the input current frequencies, the detailed evolution of resistances through
SOC for the pristine and all case combinations were obtained. Averaged Nyquist plots
(based on 142 measurements for each condition) are shown for cycled samples in this
section analysis, to ease the comparison between the different condition combinations.
EIS SOC impedance evolution is presented in Figure 6.5 to identify the main resistances
encountered for the pristine cathodes. The associated internal resistances increase while
moving from 100% to 0% SOC. These values tend to be higher on fully lithiated states
which can be related to the depletion of the lithium available for storage during the
intercalation process.
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This general evolution of the different SOC relates with the ones from Chapter 4
and in literature209,212, indicating that the averaged Nyquist plot is an accurate comparison
methodology to further understand the overall internal resistances of cycled batteries.

Figure 6.5- EIS of different SOC for pristine NMC811 sample. Second semi-circle and
Warburg type are the most prominent type of resistances in this battery configuration.
Averaged SOC will be implemented as reference to compare against the cycled cases.

The general EIS comparison for all cases is shown in Figure 6.6. A gradual change
in the charge transfer resistance is found in the second semi-circle evolution for all cases,
which suggests an increase of the intercalation resistance of the electrodes related to
changes in the microstructure and disappearance of transition phases while the batteries
were cycled for each condition. Both batteries cycled under LT conditions present similar
average patterns on the increase on the Rct. As expected, the 4.3V case has higher resistance
values than the 4.0V, indicating that the irreversibilities presented while charging at UCV
increase the charge resistance proportionally.
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Most notably are batteries cycled at HT, which present the highest impedance
values for low frequencies corresponding to the overall bulk diffusion resistance.
Especially for the 4.3V+HT condition the resistance is purely diffusive. The charge transfer
semi-circle is significantly reduced, giving insights that the transition of the main
degradation mechanism is related to the lack of overall diffusion within the electrode,
which explains why it was difficult to get a clear signal on the CV scan from previous
section. A much slower scan rate would be required to observe electrochemical activity in
these electrodes. The diffusion resistance at lower frequencies relates to the decrease in the
electrode porosity that supports Li+ diffusion. This development can be explained either by
blockage of the porous network, driven by electrolyte decomposition into LiFx and/or LiP5
layers that cover the secondary NMC particles, or by the presence of NiO rock-salt surface
formation already observed from CV and dQ/dE analysis. The first effect can be confirmed
analyzing the crystal structure of the batteries cycled at HT using XRD, while the latter
effect could potentially be observed by SEM. Both techniques were applied, and their
results will be presented in section 6.2. All these phenomena hinder the ability for Li
diffusion and the intercalation and charge storage capacity that it supports, while
accelerating the Li depletion rate and capacity fade.
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Figure 6.6- Comparison of all EIS average curves. LT batteries present the least amount
of internal resistance evolution, while HT shows an abrupt increase on Warburg
resistance. Upper left corner of the graph present a detailed section of the beginning of
the curve.

These higher impedances presented specifically for the cells cycled under higher
temperatures, could be related to 2nd Law entropy generation or exergy destruction at
different scales as explained in section 2.2.3. The capacity to elucidate the relation of
cycling, electrochemical and microstructural degradation with thermodynamic model
analysis that could be implemented in the future.
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More importantly, this characteristic capacity fade mechanism is related to the one
found for LCO/Graphite Cell 3 (cycled at higher temperatures) in Chapter 4, showing that
independently of the analyzed cathode or anode AM composition, the blocking of pore
network structures that suppresses Li+ ion diffusion and intercalation can be found on either
electrode, reducing the overall battery capacity and life cycle.

6.2. Microstructural Characterization
Section 6.1. indicated that in all the batteries capacity retention and transition phases
consistently decayed through cycling accompanied with a proportional internal resistance
increase. These insights obtained from the cycling and electrochemical characterization
need to be further expanded to link the cycling and electrochemical fade with the
microstructural changes. This section will aim to elucidate these microstructural variations
to understand the degradation mechanisms in high-nickel NMC cathodes.
The different batteries were disassembled inside a controlled atmosphere glove gox full
of argon with less than 1 PPM of moisture using the same methodology as in section 4.2.
While inside the glovebox, images were taken to characterize the NMC and Li anodes. This
step was taken due to the inability to analyze the Li foil with the post-mortem
characterization techniques, while cathodes were stored under Ar inside resealable storage
bags before further characterization.
Most representative Li anodes after the different cycling conditions are shown in Figure
6.7. For the condition at 4.3V+HT the batteries were both cycled in pouch cell and coin
cell formats, where pouch cells were used initially due to easier manufacturing accessibility
than coin cell ones. Degradation and change on their surfaces can be observed by simple
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visual inspection. Figure 6.7a shows the Li anode cycled at 4.0V+LT which presented the
least amount of degradation. Small gray area regions of lithium plating can be observed in
all samples. For the 4.3V+LT condition (Figure 6.7b) presents material transfer from
cathode to anode present as black spots (related to Ni or Mn metals23) in addition to the
lithium plating regions. Moreover, the 4.0V+HT presented a combination of all the
previous conditions but in a more aggravated state, especially for the presence of dead Li
and material transfer from the cathode (visual black region). Finally, Figure 6.7d shows the
4.3V+HT with an impressive amount of degradation conditions,these conditions were
present in both anode formats but pouch cell format inspection is presented to visualize
better the multiple degradation features. Presence of Li plating, dead Li, material transfer
from cathode, and decomposed electrolyte-salt make this condition clearly the most
extreme for battery cycling. The main presence of dead Li may lead to the formation of Li
dendrites, or both phenomena can occur simultaneously as explained by Wang & Cui et
al.213 Material transfer can be also observed from Figure A5 (Appendix) where cathode
material is attached to the separator and might be able to transfer as cycling progresess.
Furthermore, electrolyte salt formation on the border of the anode is generally related to
the electrolyte decomposition as discussed in literature214. Finally, accelerated growth
activate internal short-circuit within the battery causing burn-out regions as explained in
literature166,215,216.All the abovementioned combined mechanisms explain the main reason
behind the massive capacity fade and impedance increase in HT conditions shown in
sections 6.1.1 and 6.1.2.

151

Figure 6.7-Images of representative cycled Li metal anodes from the different cycling
conditions. (a) 4.0V+LT, (b) 4.3V+LT, (c) 4.0V+HT, (d) 4.3V+HT. Presence of dead Li
possibly forming dendrites (red circles) + Thick Li plating regions (purple regions) +
White regions from decomposed electrolyte salts (blue circle) features are observable for
4.3V+HT.

Figure 6.8 show representative NMC cathodes after the different cycling conditions,
degradation and surface degradation is mainly observable on the cathodes cycled under HT
conditions, a slight material loss is observed for 4.3V+LT cathode (Figure 6.8b). Figure
6.8c, shows occurrence of a white region on the surface of the 4.0V+HT cathode.
Therefore, this kind of associated morphology might be explained by a layer of
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decomposed electrolyte salt, but further observations need to be achieved on higher
magnifications to confirm the nature of this feature.
Additionally, for the 4.3V+HT, as its anode counterpart, presents a combination of
degradation characteristics such as material loss, decolored regions, and also strong
presence of excessive electrolyte-salt decomposition in specific cluster points throughout
the cathode surface has been observed by Deichmann et al.214 using a combined SEM+EDS
characterization from NMC/graphite electrodes as well as other references23,217,218.
Meaning that these surface features might be confirmed by using spectroscopic techniques.
The discoveries from the HT surfaces clearly shows the reason for the impedance rise
detected on the EIS and the data noise from the CV scan that is mainly explained from the
non-conductive electrolyte-salt presence in the surface from both electrodes cycled at HT,
which not only affects the diffusion of the Li+ ions but also creates a dielectric layer which
further degrade the battery electrochemical mechanisms.
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Figure 6.8- Images of representative cycled NMC811 cathodes from the different cycling
conditions. (a) 4.0V+LT, (b) 4.3V+LT, (c) 4.0V+HT, (d) 4.3V+HT. Cathode cycled under
LT conditions show little to no changes in their surfaces. Heavy presence of electrolytesalt decomposition is present in both HT cathodes, with additional burn out regions for
NMC cycled at 4.3V+HT.

The visual inspection applied connects cycling degradation with physical characteristics
found in the cycled electrodes. It is clear with the previous methods that higher
temperatures affects the batteries the most, mainly exacerbated by the highly reactive Li
metal anode that is the main factor to the accelerated decay of the overall battery
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performance. Nevertheless, visual inspection on the cathode also points to additional
degradation mechanisms that are solely dependent from the Ni-rich NMC nature.
Additional microstructural techniques at higher magnifications are needed to show the
detailed degradation effects on the electrodes. As in Chapter 4, optical microscopy and
SEM analysis were implemented to visualize the surface degradation features in the
pristine and cycled electrodes. XRD analysis was applied afterwards to understand the
evolution of the crystal structure for each cycling condition. Finally, XANES was
implemented to further observe the cycled particle degradation at higher magnifications.
All of the abovementioned techniques complement each other’s disadvantages to observe
the multimodal degradation mechanisms at different scales.

6.2.1.

Optical Microscope Analysis

After disassembly and visual inspection, images from the cycled cathodes electrodes
were taken using MTEC’s optical microscope at x1 and x4 magnifications, to obtain more
insight on their surface morphology. Figure 6.9 presents the images taken for the 4.0V+LT
(Figure 6.9a) and 4.3V+LT and x4 magnification. These electrodes, as observed in visual
inspection, do not present several changes in their surfaces. For the 4.0V+LT slight surface
breakage is observed and the macrostructural particles for NMC are visible as bright
metallic-looking spheres. While the 4.3V+LT shows also surface cracks similar to the ones
at 4.0V+LT with slightly more presence of white spots that could be deposits of electrolytesalts, different lighter coloration in some of its surface, and less amount of observable NMC
secondary particles. Moreover, image threshold analysis was not applied as in section 4.2.1.
due to the clear contrast of the particles observed throughout the samples.
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Figure 6.9- Images taken at 4x magnification for (a) 4.0V+LT and (b) 4.3.V+LT, showing
slight changes in their surfaces.

Likewise, cycled cathode at 4.0V+HT images at two different magnification levels,
x1 (Figure 6.10) and x4 were analyzed. The images taken at x1 show heavy presence of
the electrolyte-salt formation as seen before in figure 6.10c from section 6.2. When
observing the higher resolution image is clear how the salt formation can block the NMC
particles and inserts within the cracks of the surface electrode.

Figure 6.10- 4.0V+HT cycled electrode images taken at (a)1x and (b) 4x magnification.
Heavy electrolyte-salt deposits are observed at the surface.
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Finally, for the most extreme case of 4.3V+HT shown in Figure 6.11. The general x1
magnification (Figure 6.11a) is shown, from heavy electrolyte-salt deposits to burnt regions
this figure summarizes how multimodal degradation mechanisms can be present while
cycling LIB electrodes. Focus on two subregions of interest were analyzed from the
representative electrode. Figure 6.11b shows a heavy presence of electrolyte-salt from the
decomposition of the original LiPF6 is easily observed near the surface cracks obtained
from cycling. This feature presents a similar effect as the Li plating found in the graphite
anode from section 4.2.1., even though they are different from composition the blockage
of porosity surface for Li+ diffusion presents as the main degradation mechanism for both
electrodes. Additionally, decolored regions are also present (Figure 11c) that corresponds
with the decolored regions observed in the Li anode side. These regions are accelerated by
the internal short circuit reactions from the lithium dendrites that also end up affecting the
cathode.
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Figure 6.11- Images from a 4.3V+HT cycled cathode at 1x and 4x magnification levels.
(a) Shows the x1 magnification of the general view of the highly degraded surface with
two subsections of interest enclosed in orange and red squares. (a) Heavy electrolyte-salt
formation regions and (b) decolored sections of the electrode, both features contributing
to the extreme decay of the battery under this condition.
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Optical microscope images helped clarify with more detail the different surface
characteristics observed on the visual inspection of the cells after disassembly. This
approach is helpful in linking the electrochemical performance decay noticed in Section
6.1. with the macrostructural changes, adding importance on using visual imaging
techniques to complete the full characterization of high-capacity LIB electrodes. In order
to fully understand what happens with the microparticles and how the electrolyte-salt
affects them, a higher magnification level approach was performed using SEM analysis.

6.2.2.

SEM Analysis

To observe in more detail the surface characteristics observed in section 6.2 and 6.2.1.,
higher resolution images of the cathode’s microstructure are analyzed in this section to
further correlate the cycling capacity fade with the mechanisms that have been elucidated
previously. While for HT cycled electrodes the main degradation features are
straightforward by now with all the above mentioned characterization results, focus in the
microstructure of the LT cathodes will help create a picture of the evolution of the subtler
degradation mechanisms in milder cycling conditions that cannot be appreciated clearly
enough with an electrochemical or visual bulk analysis approach.
SEM images were taken at two different accelerating voltages levels (10kV and 15kV)
of secondary electron detector (SED) and backscattered images (BS) used to compare
morphology and polarization respectively, for the pristine and cycled electrodes
microstructural surfaces. In this section the format of comparison will be shown using first
BS at the lowest resolution to observe the contrast between different composition materials
(AM from CA:B regions) of the samples’ topography. Next SED and BS from a general
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low-resolution comparison will be presented for observing general distribution of the
particles within the supporting phase. Finally, images are scaled up to a higher resolution
to observe detailed regions of interest (<10µm), where only SED is applied due to the noise
level present at these scales for BS images that are inherit from the SEM equipment used
at these higher resolutions.
Figure 6.12 shows the morphology of the overall pristine cathode. Surface topography
is shown in Figure 6.12a where grain boundary regions are visible. Higher resolution
images are shown in Figures 6.12b,c for SED and BS respectively revealing the
morphology of the cathode surface, as dark regions (related to the Al foil background
absorbing the e- flux). Moreover, regions without the spherical morphologies of the NMC
particles are the supplementary carbon additive and binder phases that help connect the
AM particles to improve the electrode’s electrochemical performance.
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Figure 6.12- SEM images from NMC811 pristine microstructure at 10kV. (a) Pristine
cathode topography. Higher magnification images are shown with (b) SED and (c) BS.
Surface topography, sphere secondary particles, and supporting phase are observable.

Figure 6.13 shows higher resolution images of the cathode secondary particles.
Cotton-like structure related to the binder partially covers some of the particles in Figure
6.13a,c. Also, the morphology for clusters and single particles are shown in Figures 6.13b,d
respectively, here the spherical morphology for the secondary particle is formed from the
conglomeration of primary granular shaped particles. These features are consistent with
the literature104,120. Aggregates of circularly elongated primary and secondary particles are
usually observed before degradation, as well as some regions with particles broken halfway, which is from the manufacturing processes.
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Figure 6.13- SEM images from NMC811 pristine microstructure at 10kV. Lower
magnification images are shown with (a) SED and (c) BS. Highest magnification images
with SED are shown for (b) group of particles and (d) single particle. Spherical secondary
particles, supporting phase, and principal granular particles are observable.

Results for the LT cycled electrodes will be addressed below to understand the
microstructural changes that cannot be observed through visual inspection that can be
related to the fade in cycling capacity. Figure 6.14 shows the overall topography and lower
resolution SEM images for 4.0V+LT cycled electrodes. Compared to the pristine samples
slightly more cracks in the boundary grain structure (Figure 6.14a), as well as expansion
and microcracks from the bigger secondary particles (>10µm) are observed, while no
change is noticed for the supplementary phases and smaller particles (Figures 6.14b,c).
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Figure 6.14- SEM images for 4.0V+LT cycled electrodes at 10kV. (a) Cathode
topography. Higher magnification images are shown with (b) SED and (c) BS. Surface
topography cracks, sphere secondary particles, and supporting phase are observable.

Analyzing Figure 6.15 for the 4.0V+LT higher magnification images, secondary
particle breakage due to the intercalation/deintercalation of Li+ ions can be observed mainly
for particles larger than 10µm (Figure 6.15b), which are more inclined to diffusion-induced
stress concentrations compared to smaller size particles as shown in previous simulation
work from our laboratory27. This process is beneficial at some extent because it exposes
new active material that may increase the cell cycling capacity (Figure 6.15d). However, it
can also be detrimental due to the oxygen liberation from within the particle. Also, this
cycling is mainly reversible because it occurs below the H3 phase transition voltages. This
explains the minor degradation levels observed up until this point.
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Figure 6.15- SEM images from 4.0V+LT cycled cathodes at 10kV. Lower magnification
images are shown with (a) SED and (c) BS. Highest magnification images with SED are
shown for (b) cracked bigger particle and (d) further magnification on the observed crack.
Spherical secondary particles, supporting phase, and principal granular particles are
observable.
Moving along the degradation path, the 4.3V+LT image (Figure 6.16) reveals a new
feature present in the cathode surface. For the topographic analysis from Figure 6.16a two
distinguishable features are observed. First, the presence of wider cracks in the grain
boundaries than the ones found in both pristine and 4.0V+LT samples. This change is
promoted by the higher UCV cycling condition that amplifies the mechanical stresses
through the intercalation/deintercalation process. Second, the presence of a new continuous
surface film that blocks the active material and intergranular cracks is noted. Literature
confirms99,120,125–127 that this layer is likely to be the decomposed electrolyte-salt combined
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with dissolved AM material observed in section 6.2.1. Interestingly, the full morphology
of these regions is not visible using the optical microscope that would have been the small
electrolyte-salt particles indicated in Figure 6.16b. This observation underscores the
importance of applying various characterization techniques to observe the evolution of
these features. Additionally, the magnification shown in Figure 6.16c presence a mix of
different features within the microstructure, where the non-conductive remanent of
attached separator fibers (darker tone than AM particles) is located on the right section of
the image, which has been observed in other studies219,220, as well as the presence of the
bigger secondary particle cracks and expansion from the smaller size secondary particles.

Figure 6.16- SEM images for 4.3V+LT cycled electrodes microstructure at 15kV. (a)
Cathode topography. Higher magnification images are shown with (b) SED and (c) BS.
Surface topography showing wider cracks, electrolyte-salt layer, supporting phases, and
secondary particle breakage and expansion are observable.
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Furthermore, higher resolution images from this cathode present significant breakage
for the bigger secondary particles (Figures 6.17a,b), as well as presence of supplementary
phases covering the microparticles (Figures 6.17a,b,c). This second change is a sign that
CA:B regions are also affected throughout the different cycling conditions. The acute
breakage on the secondary particle is correlated to the different mechanical stresses from
the Li intercalation and deintercalation processes above the H2 phase transformation
potential. Also, primary pristine particles observed in Figure 6.17d evolved to uneven
granular blobs showing the anisotropic expansion volume change when cycled at higher
UCV. These mechanical fractures are the same as the ones presented by the NMC532
analyzed by Xu et al.106 reviewed in section 2.2.2. At this microstructural scale, cut-off
voltages of 4.3V promotes particle crack formation from the Li diffusion, which increases
the accumulation of microscopic defects that affect the particles’ mechanical properties
directly related to the anisotropic volume change at the crystal structure scale. Additionally,
the covering of the supplementary phases near cracked and elongated primary particles
indicates that these regions become stress concentrators, which present higher mechanical
stresses from Li insertion/deinsertion as observed in other studies paired with SEM+X-ray
characterization165. This comparison between our results and other studies found in
literature show how for NMC cathodes with varied Co content, present the same
mechanical degradation mechanisms when cycled above 4.2V.
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Figure 6.17- SEM images from 4.3V+LT cycled cathodes at 10kV, all images analyzed
with SED. Lower magnification images for (a) particles showing cracks while covered by
supplementary phases, and (c) smaller particles covered with supplementary phase.
Highest magnification images are shown for (b) single particles and (d) group of particle.
Spherical secondary particles, supporting phase, and primary particles are observed.

The general topography of the 4.0V+HT found in Figure 6.18a shows even wider gaps
than previous conditions accompanied with less amount of visual active material particles,
and increased presence of the rock-salt layer spread over the cathode’s surface, and
observation that will be supported with later XRD analysis. Also, the SED signal from
Figure 6.18b shows a merged surface possibly by the increase on the electrolyte-salt layer
interaction with the secondary electrons. Therefore, the BS image from Figure 6.18c is
used to differentiate between the NMC particles.
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Figure 6.18c presents a combination between unreacted NMC particles, total breakage
from other secondary particles and a mixture between the supporting phase and the
electrolyte-salt layer. Further higher resolution is needed to further analyze these features.

Figure 6.18- SEM images for 4.0V+HT cycled electrodes microstructure at 15kV. (a)
Cathode topography. Higher magnification images are shown with (b) SED and (c) BS.
SED shows a continuous surface topography, wider cracks, electrolyte-salt layer covering
supporting phases, and secondary particle breakage and expansion are observed.

Higher magnification images are shown in Figure 6.19, to clarify the different
microstructural features in this condition. As expected, the topography cannot be welldifferentiated in Figure 6.19, only the general shape of the uncycled NMC particles are
distinguishable. However, the BS image from Figure 6.19 and the highest resolution
images from Figures 6.19b,d can clearly differentiate the active from non-active particles
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and detailed features. From this visual analysis different observations can be determined.
The presence of uncycled secondary particles that still have conductivity (bright absorption
from the BS) suggests that some of these particles were not initially connected to the rest
of the microstructure. This is mainly explained by lack of mixing time during the slurry
production (Section 3.1.1.), that does not allow proper combination of the AM with the
CA:B at the microstructural scale. Another feature is the complete breakage of the
secondary particles that were able to cycle. This feature can be observed from the primary
particles being exposed and deintercalated from the sphere-shaped secondary particle. This
process is accelerated by the kinetics of the higher temperature cycling. Finally, the HT
cycling accelerates also the coverage from the decomposed electrolyte layer that
combines/dissolves with both uncycled (Figure 6.19b) and cycled (Figure 6.19d) NMC
particles, explaining why the SED image was not able to differentiate the cathode’s surface
morphology which is practically covered with this non-conductive layer.
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Figure 6.19- SEM images from 4.0V+HT cycled cathodes at 10kV. Lower magnification
images are shown with (a) SED and (c) BS. Highest magnification images with SED are
shown for (b) preserved particle covered by non-conductive layerand (d) further
magnification on a cycled particle. Uncycled spherical secondary particles broke down
cycled secondary particles, and decomposed electrolyte layer are observable. Supporting
phase is hardly observable because it is covered by the combined decomposed
electrolyte-salt/AM dissolved layer.

For the last part of the SEM characterization, the representative cathode sample from
the 4.3V+HT condition is analyzed. The images shown for analyzing the general
topography at lower magnifications were only taken with BS, as a result of the SED
inability to accurately distinguish the surface topography, SED is used at higher
magnifications.
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The general topography shown in Figure 6.20a presents similar conditions as the one
in the 4.0V+HT condition, with intergranular cracks and non-conductive layer, only
recognizing a few NMC particles. Figure 20b further confirms these observations, where
mainly the whole image is covered up by the non-conductive layer toning down the contrast
of the conductive secondary particles.

Figure 6.20- SEM images for 4.3V+HT cycled electrodes microstructure at 10kV with
BS. (a) Cathode topography. (b) Higher magnification section. Both images showing nonconductive surface topography, wider cracks, electrolyte-salt/AM layer mixed covering
supporting phases. Secondary particles are rarely observed.

Higher resolution images were taken and are presented in Figure 6.21, where the same
trend is observed but with more critical features exacerbated from the combination of HT
and higher UCV cycling. At this degradation level the comparison between SED and BS
images become clearer. The SED image (Figure 6.21a) shows the overall melted
topography of a layer covering everything. Spherical spheres shrouded with this nonconductive layer can be recognized when observing carefully, while for the BS image
(Figure 6.21b) most of the picture fades to darkness showing the non-conductive nature of
the layer that covers the electrode and explaining the failure and decay for this cycling
condition.
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Furthermore, higher resolution images (Figures 6.21b,d) show that uncycled particles
that are disconnected will not suffer through the volume expansion or the mechanical
stresses from the intercalation/deintercalation process maintain its original morphology as
shown in Figure 6.21d, where the unchanged particle is absorbed by the extending nonconductive layer.

Figure 6.21- SEM images from 4.0V+HT cycled cathodes at 10kV. Lower magnification
images are shown with (a) SED and (c) BS. Highest magnification images with SED are
shown for (b) uncycled covered particle and (d) further magnification on a cycled
particle. Main features are hardly observable due to the thick combined decomposed
electrolyte-salt/AM dissolved layer, which explains the cell failure.

172

SEM image analysis was implemented on the pristine and cycled NMC811 cathodes,
where the different related degradation mechanisms are confirmed through the structural
and morphological features observed through visual characterization. Breakage of
boundary grains, secondary particle breakage related to O liberation and NiOx formation,
and appearance of a non-conductive layer that covers the overall surface were observed,
linking these observations with the capacity fade found in section 6.1.
Finally, the observed breakage of the main particles is related to the anisotropic
expansion and contraction of the AM crystal structure, and literature relates the O liberation
with the formation of a NiOx phase for higher cut-off voltages. To fully understand and link
these changes XRD analysis is implemented in the next section to show the implication of
these degradation mechanisms at the crystalline structure scale.

6.2.3.

XRD Analysis

XRD data for the pristine and all cycled combinations was obtained after the
electrodes were cycled and disassembled, using the same methodology as described in
section 3.3.1. The resulting data was analyzed to further understand the evolution of the
crystal structure variation that was observed in the cycling, electrochemical, visual, and
SEM characterizations. These results will help to clarify how the impact on the basic ionic
interaction at the NMC crystal level structure can affect the performance and evolution of
the cathodes at different mesoscale levels.
For the initial analysis approach XRD spectra were compared for all samples (Figure
6.22) to correlate any variation in the cycled peaks with any additional side phases found
in their crystal structure. Data from the pristine pattern shows similarity with the NMC811
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XRD ICDD reference database, with a small difference in the peak values around the 65°
2θ value. This difference corresponds to the peak splitting of the (110)/(108) plane that
indicates the presence of two hexagonal phases that one usually disappears after its first
formation cycle, and is common for freshly prepared Ni-rich electrodes119. After this
reference comparison, it can be assessed that for the analysis of all further NMC cycled
samples, the presented pristine data will be also used as a reference to further understand
the relative peak transition from the original casted electrode. Analyzing the general
comparison between the different XRD peaks from the electrodes cycled at different
conditions, different significant features can be discerned comparing against the references.
Peak shifts to higher or lower angles, appearance of new peaks related to a new side phase,
and dissolution of existing peaks, will be commented upon in this section by methodically
focusing in three 2θ regions where the most relevant changes occur.

Figure 6.22- Overall XRD patterns for references, pristine, and cycled electrodes
samples. Shows a general overview of the crystal structure changes from the different
cycling conditions for the NMC811 cathodes.
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The first relevant changes are observed in the 2θ region between the 16⁰ and 22⁰ as
shown in Figure 6.23. Appearance of a new smaller peak around the 19° near 18.8° that
corresponds to the (003) plane that pushes the (003) towards lower angles, which is only
visible for both higher UCV (4.3V) cases. This shift continues until the two peaks coexist
at higher state of charge above the H2→H3 transition. This feature is linked to the rocksalt phase formation221. Figure 6.23 are denoted with blue colored asterisks for the
4.3V+LT and 4.3V+HT conditions at 19.07° and 19.13° respectively, these peaks match
perfectly with the NiO2 reference located at the 19.29°. As explained previously in section
2.2.2.i. oxygen vacancies and tetrahedral site hopping mechanisms that occur around the
3.95V and 4.15 V vs. Li/Li+ levels44 and promote the creation of this side phase reaction
when Ni4+ reacts with O2- creating the NiOx phase. The presence of the nonreacting rocksalt NiOx phase in the crystalline structure completes the characterization of all the
degradation mechanisms under the different cycling conditions, supporting the
observations gathered from previous sections in this chapter corelating them with the
literature review from section 2.2.2.
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Figure 6.23-XRD peaks at the range from 16⁰ to 22⁰ 2θ angles. Presence of an additional
peak related to the NiO2 phase coexisting with the (003) plane is observed, which
indicates an anisotropic volumetric change through cycling at 4.3V.
Further expansion and additional detail of the region between the 35⁰ and 50⁰ 2θ is
shown in Figure 6.24. Here, the peak at the 38.5⁰ position related to the (006) plane is split
for all cycled electrodes as reported from different authors113,119, where its presence is
attributable to the coexistence of the M+H2 phases after several cycles as noted for the
4.0V UCV cycling conditions. However, the low intensity and disappearance of this peak
for the 4.3V+LT and 4.3V+HT conditions respectively, indicates how at higher UCV
windows the change of the crystallographic structure volume happens in an anisotropic
matter mainly due to an intense expansion while in discharge state, followed by a sharp
contraction at charged state222. This change indicates the further disappearance of the M
phase that slowly gets replaced by the abovementioned NiO2 phase.
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Figure 6.24- XRD peaks at the range from 35⁰ to 50⁰, 2θ angles. Disappearance of the
(006/102) peak is observed for samples cycled at 4.3V, caused by the disappearance of M
phase from the H2+M coexisting phase.
Finally, Figure 6.25 shows the final analysis 2θ region between the 58⁰ and 70⁰, where
the previously mentioned (108)/(110) peak is present in all the cycled electrodes. This peak
normally appears after the first few initial cycles and is also related to the coexistence of
the H2+M phases. More importantly, the peak separation observed is more severe for
higher UCV. This increased separation is related to both the contraction of the a axis, and
the anisotropic expansion of the c axis followed-up with a rapid contraction at highly
delithiated states.
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Figure 6.25-XRD peaks at the range from 58⁰ to 70⁰, 2θ angles. Separation of the (108)
and (110) peaks is observed, which indicates an anisotropic volumetric change through
cycling at 4.3V.
XRD characterization completed the overall understanding for the degradation effects
observed throughout this chapter. Changes in the crystalline structure could not be
observable without this technique, which connects how anisotropic expansion mainly
above 4.3V can promote strains on the lattice parameters that is then observable at the
microstructural scale, showing how every single condition affects the overall performance
and life cycle of the components. Moreover, chemical composition of the cycled electrodes
is still unknown, after the optical and SEM analysis it is certain that a layer of different
compounds is present in the surface of the electrodes. However the composition of the
particles within can only be analyzed by the means of X-ray spectroscopy. This last
technique will complement the overall understanding and multiscale degradation
mechanisms.
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6.2.4.

X-Ray Image Analysis (XANES)

Ex situ 2D XANES analysis was done at Brookhaven National Laboratory (BNL) on
the National Synchrotron Light Source II (NSLS-II), with the Full Field X-Ray Imaging
(FXI) beamline 18-ID, with a 30 nm resolution. The materials analyzed were NMC811
pristine and 4.3V+LT electrodes using the protocol described in section 6.1.1. XANES
analysis was used to display transition metal valence changes before and after NMC
lithiation/delithiation processes, mainly by measurement the samples near the Ni K-edge
(~8347eV) to reveal the oxidation states of cycled electrodes and microstructural evolution.
Figure 6.26 shows the edge-jump absorption analysis results for the pristine electrode
particles, where Figure 6.26a,b are before and after the Ni K-edge absorption jump,
respectively, Figure 6.2c shows the baseline XANES spectrum obtained for the uncycled
electrode.
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Figure 6.26- Ex situ edge jump absorption analysis of NMC811 pristine particles around
Ni K-edge (8347eV). (a) Before (8320eV) and (b) after (8350eV) edge jump.

After the edge jump analysis was performed for both electrodes, the pristine electrode’s
XANES spectra was used as reference to contrast against the 4.3V+LT cycled electrode
spectra. Figure 6.27 shows the chemical mapping result from the cycled sample analyzed
against the pristine electrode’s spectra, with a scratch-type region in the middle of the
image from the inherent noise present while running the scans that was minimized but
could not be subtracted from the analysis. This artifact is the result of minor sample
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movements during imaging. Moreover, it can be observed that the cycled spectra is
localized in the center of the particles, while the borders and less bulkier particles present
more concentration characteristic of the pristine spectra.

Figure 6.27- Phase map for cycled particles from the 4.3V+LT condition showing a
mixture of regions responsive and unresponsive for 2D XANES analysis. Pristine and
cycled phase transition is observed throughout the image.
The results obtained from the phase maps supports the observations found in the SEM
analysis from section 6.2.2., where uncycled pristine particles disconnected from the
supporting phase were unable to react with the Li+ ions, showing no structural or
morphological deformation. Comparing both results we can confirm that imperfections
during the first composition and casting stages of the electrode fabrication, impacts the
performance and storage capacity of the batteries.
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XANES analysis helped elucidate the number of pristine particles that were still
available from a set of 4.3V+HT cycled electrodes, showing that cycling capability was
still possible for some of the particles. This capability cannot be obtained at this level of
resolution with contemporary characterization techniques. Different NiOx absorption
spectra acquisition will be proposed in future studies, to compare against the 4.3V+LT
cycled electrode to obtain a phase map that will reveal the presence of the rock-salt layer
that was detected from the XRD studies in section 6.2.3. This will elucidate better in which
particle regions this phase tends to reside. Moreover, it is desirable for future experiments
to apply the same comparison from representative samples of the remaining cycled
electrodes (4.0V+LT, 4.0V+HT, and 4.3V+HT) using XANES characterization, to observe
the how much of the pristine material is still present in these cycled electrodes.
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CHAPTER 7

7. CONCLUSIONS AND RECOMMENDATIONS

“It’s more fun to arrive a conclusion
than to justify it”
-Malcom Forbes

7.1. Conclusions
Different high-capacity electrodes were analyzed using contemporary electrochemical,
microstructural, and visual characterization techniques. From intercalation to conversion
electrodes, the results showed unique behaviors for each system investigated as well as
similarities between the different degradation mechanisms present when cycling different
types of electrodes.
Identification for the degradation mechanisms for each study was approached with the
different electrochemcial and microstructural characterization methodologies using X-ray,
electron, and optical methods. This multimodal approach was able to complement each
methods results in order to understand the electrodes’ multiscale degradation mechanisms.
Based on the suggestion from Table 2.1 where the different analysis methods can be
easily compared, Table 7.1 was created to summarize the different mrthodologies main
advantages and limitations based on the features observed through the implemented
studies.
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Table 7.1- Overview of analysis methods used in the different studies and the phenomena
they were able to detect. Yes (Y), limited (L), and no capability (N) for detection of the
specific degradation mechanism are indicated. Based on suggestion from Table 2.1.
Degradation
Mechanism
Observed
Region
Analyzed
Film Growth
on Electrodes
Pore Clogging
Electrode or
Separator
Delamination
Cracks in
Electrode
Coating
Changes or
Films on
Particle
Surfaces
Particle
Cracks
Exfoliation
Dissolution or
Migration of
Transition
Metals
Electrolyte
Degraded
Chemical
Mapping
Side Phase
Identification
Crystal Structure
Variation
Elemental
Composition
YES
Y

NO
N

Optical
Microscope

SEM

EDS

XRD

XANES

Surface

Surface

Surface

Bulk

Surface

N

Y

Y

N

N

N

Y

N

N

N

N

N

N

N

N

Y

Y

Y

N

L

L

Y

Y

N

N

N

Y

Y

N

Y

N

N

N

N

N

Y

N

N

N

N

L

Y

Y

N

N

N

N

Y

N

Y

N

N

N

Y

Y

N

N

N

Y

N

N

N

Y

Y

Y

LIMITED
L

184

Furthermore, for the different studies performed the effects of non-uniform temperature
distribution on LCO/graphite stack degradation was presented first to provide cell and stack
level context for detailed electrode studies. Temperature, capacity retention, internal
resistance, and SOC of each cell in the stack were measured and compared. Postmortem
weight, microscopy, SEM+EDS, and XRD characterization analysis complemented the
overall electrochemical characterization.
EIS resistance analysis from the LCO stack showed non-uniform impedance increase
with cycle number, consistent with their degradation rate and temperature distribution. This
non-uniform temperature distribution increased the SEI layer thickness non-uniformly and
contributed to the formation of Li plating regions, which were observed as Li2CO3 after
the postmortem analysis. The non-uniform temperature distribution in the stack possibly
increased the seclusion effect amplifying Li plating. Moreover, SEM+EDS analysis was
done for both electrodes, showing significantly higher quantitative and qualitative
degradation on the graphite. Anode microstructural degradation is accentuated for the
batteries cycled under higher temperatures, showing more microstructural damage and
higher concentration of oxygen. These structural changes induce the formation and
propagation of Li plating that correlates directly with the premature failure of the cell with
higher temperature gradient. XRD analysis correlated the electrochemical and image
analysis with the detection of Li2CO3 presence in the anode crystal structure, while
showing presence of lithiated regions on the cathode related to an accelerated and
inhomogeneous formation cycle.
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Metal conversion alloy electrode materials offer high capacity in lithium-ion batteries.
However, they exhibit rapid degradation resulting in particle disintegration and
electrochemical performance decay. Studies of electrodes using the alloy Cu6Sn5 as an
active material were performed. Electrodes with compositional variations were fabricated,
and cycled. X-ray microtomography data was taken for fresh and cycled electrodes, and
image segmentation and grayscale analysis was made to distinguish the alloy material from
its constituent components. The microstructural analysis showed fractures along the crosssectional area of the electrode and segregation of Cu6Sn5, Cu, and Li2CuSn phases. The
poor electrochemical performance was associated with the transport inhibition in the
pore/carbon/binder regions due to the size reductions caused by the active material volume
expansion. Mechanical degradation was the main mechanism that hampers the electrode
capacity in time. While the supporting phases and copper matrix helps mitigating the
volumetric expansion, they cannot overcome the degradation process.
As a follow on to this characterization, X-ray absorption near edge structure
spectroscopy (XANES) imaging was performed yielding absorption spectra for Cu,
Cu6Sn5, and Li2CuSn. Ex situ analyses based on these spectra were performed on twodimensional (2D) images of samples from cycled electrodes to assess chemical
composition in Cu-containing phases. Using these spectra, image data from in operando
2D XANES imaging performed near the Cu K-edge during cycling of Cu6Sn5 was analyzed
to assess chemical and microstructural changes in these high capacities intermetallic alloy.
Chemical mapping showed at different voltage plateaus appearance of Li2CuSn and
separation of Cu along with regions of unreacted and potentially reformed Cu6Sn5 active
material.
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Qualitative microstructural evolution of the alloy particles showed cycled active
material expanded, fractured and dissolved throughout the cycling process, with
pronounced changes seen during delithiation. Particles migration was also observed,
suggesting that supplementary phases are affected by the expanding of main particles,
influencing the ionic and electronic transport.
Analysis of half-cell low cobalt cathode LIBs (NMC811/Li) was assessed. The half-cell
batteries were subjected to an incremental but slow cycling protocol. Data obtained from
cycling studies, electrochemical, XRD, and SEM characterization techniques were
analyzed. Capacity fade is partially related to the high instability of the Li metal anode for
all conditions. However, cathode degradation is also observable under different conditions.
Higher cut-off voltages cycling show the presence of NiO crystalline structure, which
correlates with the formation of a rock-salt phase that accelerates the cathode degradation.
Additionally, higher temperature is shown to be the higher degradation factor present in all
combinations. Degradation that mechanisms amplified at high temperature include NiO
rock-salt formation, cathode material dissolution transferring to anode, and concentration
of Li plating deposits on anode side.
SEM qualitative analysis of the NMC relates to the Cu6Sn5 microstructural analysis
based on X-ray μCT measurements, which in both cases suggests that depending on the
content of the secondary supplementary regions (carbon black and binder), it may either
provide some degree of strain accommodation and related capacity retention, or isolate and
disconnect the active material particles reducing the capacity retention and battery life
cycle.

187

These studies’ importance reside on the understanding of the varied and important
degradation mechanisms that occur for different type of LIB electrodes. Knowledge of
these mechanisms will help to design a new generation of electrode materials, controling
morphology and other structural features at different scales.
It was demonstrated that Li plating was exarcerbated by uneven higher temperature
distribution that cause the LCO/Graphite battery failure on the anode, and accelerated
degradation in the NMC811 cathodes. Appropriate looped thermal management systems
can control uneven temperature distribution in battery cell packs. Also, surface coating on
the graphite electrode such as LiPON223, Li2CO3224, Al2O3225 and amorphous carbon226, can
lead to significant reductions in the reductive decomposition of electrolyte surpressing the
thickening of SEI and controlling Li plating formation. Additionally, strategies of coating
NMC532 electrodes have been done with LiTiO2227, Li2SiO3228, and LPO229 which helped
on the hindering the derelitious side reactions with HF and prevent the anisotropic phase
transition from H2→H3 exacerbated when cycling under higher temperatures23.
For better control of the supplementary phase expansion observed in the metal alloy
Cu6Sn5 and low cobalt cathode batteries that influences on the active material, focus on the
AM:CA:B ratios during manufacturing of the electrodes should be prioritized. Changing
the ratio compositions for each battery-type can reveal the optimal AM and CA:B
interaction for both cathode and anode43. In addition to these compositional changes,
altering the morphology of the AM nanoparticles can help to manage the interaction
between phases for metal alloy anodes and the related microstructural evolution and
degradation230,231.

188

The importance of using combination of electrochemical and imaging characterization
techniques is essential to understand the evolution of batteries lifecycle and its failure
mechanisms. Understanding the main degradation mechanism is of utmost important for
the design of more effective and efficient battery materials and electrode design, to improve
next generation energy storage devices.

7.2. Significance and Contributions
In order to obtain better and more reliable sources of clean energy for environmental
protection, electrical vehicles have emerged in recent years, due to their zero CO2 emission
operation and steadily closing the energy gap with internal combustion engines. The
progress of electrical vehicles is becoming exponential, 1,79 and new generation LIBs with
higher energy density are a key factor determining this growth.
The research results showed how visual analysis methodologies can be used to
consistently characterize the LIB electrode microstructures, adapting images of different
techniques from direct light microscope images to advanced X-ray absorption spectroscopy
chemical mapping to understand degradation across length scales. This analysis technique
paired with conventional electrochemical and microstructural characterization practices are
a powerful combination to understand the multimodal and multiscale degradation
mechanisms in new generation LIBs electrodes. The versatility of successful visual
assessment, across different types of battery electrodes, to understand the main degradation
mechanisms will help elucidate the critical operation variables for which new electrode’s
microstructure should be designed.
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The implementation of LIB cathodes based on layered oxide active materials with low
cobalt content requires understanding interactions between the active material
microstructure evolution and the crystallographic structure alterations that occur during
cycling. The impact of varied local conditions (e.g. state of charge, voltage, or temperature)
while charge/discharge may drive degradation of low cobalt cathodes, and its correlation
is of high importance in to advance the design of next-generation batteries. This is
important to understand to make further design improvements, that will directly help the
capability of increased energy density while reducing Co usage, which has environmental
and humanitarian issues related to the Co supply chain.
Contributions obtained from classic electrochemical testing (GCPL, dQ/dE, CV and
EIS) results were addressed. These methods correlated the electrochemical degradation
with the diverse operational variables that the batteries were subjected to through cycling.
Moreover, contemporary microstructural characterization using different techniques (XRD
and SEM) showed qualitative and quantitative data of the microstructural and crystalline
evolution throughout the different experiment variations. These techniques paired with
non-destructive visual analysis cohesively connected these results to understand the
microstructural degradation evolution of the battery and its electrodes.
This project helped link the impact of the different variable interactions with the overall
microstructural and electrochemical degradation. Through this analysis different
recommendations are stated to help design new battery materials and microstructures that
will improve the overall electrochemical properties of new generation LIB. These insights
will in turn advance development of better energy storage technologies that will be used in
clean energy infrastructure.
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7.3. Recommendations (Future Work)
It is necessary to elucidate the principal degradation mechanisms to further the
development of new generation LIBs electrodes. More detailed analysis of LCO/graphite
stacks and similar batteries can show the distribution of the degradation within different
regions of the cell pack. Postmortem characterization including, microscope images, XRD,
and SEM will help understand the evolution of the battery degradation process and critical
subregions to understand in a more detailed level.
Moreover, analysis of low cobalt electrode full cells (NMC811/graphite) is ongoing and
will further the understanding of practical degradation mechanism as a complement to
current studies of half cells with Li metal anodes. Cycling studies, electrochemical, XRD
and SEM characterizations will be completed, to show the different degradation
mechanisms that affect these electrodes under different cycling conditions.
Finally, results from Cu6Sn5 and NMC811 XANES analysis demonstrate that
absorption-based X-ray imaging methods may be used to analyze the coupled evolution of
chemical composition and microstructure in electrodes by mapping microstructural
geometry and the distribution of phases. 3D XANES will help elucidate the spatial
resolution to better understand the morphological and chemical evolution of LIB
electrodes. Both ex situ and in operando studies will prove vital in understanding the
relationship between microstructure, performance, and degradation of these materials.
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8. APPENDIX

Figure A1- Customized battery holders for in operando studies used in National
Laboratories experiments

Table A1-Comparison between bulk percentage of Cu and Cu6Sn5 in Chapter 5 reference
samples
Sample
Cu
Cu6Sn5
R-factor
Cu
99.80% 0.20%
0.00%
45.63% 54.37%
0.02%
Cu6Sn5
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Figure A2- Comparison between Cu6Sn5 samples partially lithiated to 0.2 V vs Li/Li+
then analyzed in air and inside controlled ambient (Li2CuSn Air vs Li2CuSn GB)

Table A2-Sample overview for design of experiment of two levels and two variables (22)
Composition
(AM:CB:PVDF)
90:5:5

Temperature
(°C)
25
60

193

Voltage Cut
(V)
4.0
4.3

Figure A3- CV curves for Pristine NMC cathodes
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Figure A4- Equivalent Impedance Circuit for NMC811 studies.

Figure A5- Separator from a 4.0V+HT cycled battery. (a) Showing material from
attached from cathode, and (b) presence of Li plating on the other side. Transfer of
electrode material is accelerated at higher temperatures (>50⁰C).
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Figure A6- SEM image of a half-broken pristine NMC811 secondary particle due to
manufacturing related stresses.

Table A3- Overall Average Capacity Retention percentage for the NMC cycled batteries
at different C-rates
Battery
4.0V@25C
4.3V@25C
4.0V@60C
4.3V@60C

0.1C
97.2
88.8
55.8
55.4

Average Capacity Retention (%)
0.2C
0.4C
87.8
82
67
43.6
12.8
6.8
13.4
4.2
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0.1C
81.2
72.6
4.4
19

Table A4- Analysis of Variance (ANOVA) for the capacity retention for the different
NMC cycled batteries. Analysis based for Temperature and Voltage variables. P-values
show that the experiment results is statistically significant (Model) and the Temperature
is the variable which affects the most the analyzed samples.
Source
Model

DF
3

Adj SS
6314.2

Adj MS
2104.7

F-Value
16.25

P-Value
0.0009

Linear

2

6142.6

3071.3

23.71

0.0004

Temperature
Voltage

1
1

5980
162.7

5980
162.7

46.16
1.26

0.0001
0.295

2-Way Interactions

1

171.6

171.6

1.32

0.283

Temperature*Voltage

1

171.6

171.6

1.32

0.283

Error
Total

8
11

1036.5
7350.7

129.6

Figure A7- Residual Plots for the Average Capacity Retention percentage. Showing how
the results are randomized and the normal probability plot has a linear correlation, which
indicates the experiment model used is accurate.
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Figure A8- Pareto chart of the standardized effects for the Temperature, Voltage, and
Temperature*Voltage effects on the capacity retention results. Showing that the
Temperature variable affects the most the capacity retention of the analyzed batteries.

Figure A9- Normal plot of the standardized effects for the Temperature, Voltage, and
Temperature*Voltage effects on the capacity retention results. Showing that the
Temperature variable affects the most the capacity retention of the analyzed batteries.
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